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Olefin epoxidation and oxidative desulfurization are two important reactions in both industry 
and academia. Olefin epoxidation produces epoxides which are important precursors and 
intermediates in materials and organic syntheses, respectively. Oxidative desulfurization is an 
emerging technology for the removal of heavy aromatic organosulfur compounds from 
vehicular diesel fuels which produce harmful SOx gases from their combustion and are difficult 
to remove using the conventional hydrodesulfurization technology. Hydrogen peroxide is an 
attractive oxidising agent for these reactions as it has a high oxygen atom efficiency in 
oxidation reactions and its only by-product is typically water. Reactions with H2O2 are 
commonly conducted in liquid-liquid biphasic systems due to immiscibility of the aqueous 
H2O2 and the fuel/olefin-containing organic solvent. Keggin-type polyoxometalates (POM,  
[XM12O40]
8-n, where M = MoVI, WVI and X = PV (n = 5), Si
IV (n = 4)) are often used as catalyst 
precursors which transform in the presence of H2O2 to form active peroxo polyoxometalate 
(peroxo-POM) species. A suitable phase transfer catalyst (PTC) is required to transfer the 
peroxo POM to the organic layer where oxidation of the target substrate takes place. Many 
PTCs have been reported for these reactions over the years - typically quaternary ammonium 
cations - which are often cumbersome to prepare. In this work, 
organoaminocyclotriphosphazenes (P3N3(NHR)6, RPN, R = Bz, benzyl; iBu, iso-butyl; iPr, iso 
- propyl; n-Bu; n-butyl; Hex, hexyl; and Cy, cyclohexyl) are presented as alternative PTCs for 
these reactions, which are easily prepared in one-step reaction of commercially-available 
P3N3Cl6 with a range of primary amines. RPN-POM catalysts were formed by simply 
combining RPN and POM species together in suitable solvents or in situ. Three systems have 
been developed for olefin epoxidation and oxidative desulfurization with H2O2 using RPN-




(System One); heterogeneous POM/RPN-SiO2 solid catalysts for aqueous biphasic solvent 
systems (System Two); and eutectic RPN-POM “ionic liquid” multifunctional solvent-catalyst 
systems for reactions in the absence of organic solvents (System Three).  
Reactions were conducted under mild conditions (atmospheric pressure and reaction 
temperature ≤ 60 oC). With BzPN-PMo based catalysts, up to 100% dibenzothiophene (DBT) 
conversion could be achieved in 0.5 and 3h using Systems one and Two, respectively. 
Cyclooctene oxide yields of up to 99% were obtained in 0.5h using System One and in 4h using 
System Two with BzPN-PMo and HexCyPN-PMo as catalysts, respectively. These results 
compare well with some of the best results reported in the literature, which used similar 
catalyst-types and reaction conditions. A 76% cyclooctene oxide yield was obtained after 5h 
with PMo/BzPN-SiO2 in system two, which was a modest performance compared with other 
results reported for heterogenous catalysts under similar conditions. In all three systems, the 
final yield of cyclooctene oxide or conversion of DBT typically increased with decreasing 
aqueous stability and increasing oxidative potential of POM in the order: PMo > PW > SiW. 
With respect to benzothiophene in oxidative desulfurization, activity decreased in the order: 
DBT > (4,6-dimethyldibenzothiophene) DMDBT > (benzothiophene) BT due to the electron-
donating and steric effects of the aromatic rings and methyl groups of benzothiophenes. 
Activity with respect to RPN was relative to the catalyst type, reactant and the solvent system 
that was used.  
The results show that RPN-POMs are promising catalysts for biphasic oxidations with H2O2 
that can be modified to give homogeneous, heterogeneous and solventless catalyst systems. 
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Project Aims and Thesis Outline 
Prior to this study, we published preliminary results demonstrating that polyoxometalate-
phosphazene (POM-RPN) salts show promise as catalysts for biphasic oxidations with 
hydrogen peroxide.1  The salts could be formed from the POM and RPN components in MeOH, 
or in situ in two-phase PhMe/H2O systems, and were isolated by evaporation of the solvent and 
analysed using a range of analytical techniques. The aim of this study is to build on this 
preliminary work and to investigate the catalytic properties and operational mechanisms of 
RPN-POMs, and the development of different systems for their use in oxidations with H2O2. 
The oxidations that will be used to test the catalyst systems will be the epoxidation of olefins, 
and the oxidation of aromatic organosulfur compounds of the benzothiophene family for 
oxidative desulfurization of diesel fuels. 
Three different RPN-POM catalyst systems will be developed in this study. System One will 
be oxidation of a target substrate (an olefin or benzothiophene) with H2O2 catalysed by RPN-
POM in an aqueous biphasic system. This system will provide a more comprehensive 
investigation of the biphasic systems used in our previous work and will focus on developing 
a better understanding of the effect of RPN phase-transfer catalyst moiety on the catalytic 
activity with respect to the organic solvent used. 
System Two will use a heterogeneous RPN-POM catalyst, POM immobilised on RPN-
functionalised silica (POM/RPN-SiO2), for oxidation reactions with H2O2 in a triphasic system. 
This system will be employed with the aim of achieving good conversions or yields of 
benzothiophenes or epoxides, respectively, whilst improving the ease of catalyst-product 




In System Three, eutectic ionic liquids, comprised of RPNs with mixed organoamino 
substituent groups (eutectic RPNs) and POMs, will be presented as multifunctional solvent-
catalysts for epoxidation of olefins with H2O2. This is as a greener reaction system than the 
other systems as reactions are conducted in the absence of volatile organic solvents.  
The following are brief overviews of each of the chapters contained within this work:   
Chapter 1 provides a broad introduction to catalysts and the different catalyst systems that are 
relevant in this study; the properties of POMs and their use in catalysis; selective oxidations 
with hydrogen peroxide and the Venturello-Ishii system for biphasic oxidations with H2O2 
catalysed by POM; a background on oxidative desulfurization and epoxidation of olefins, the 
target reactions used in this study; and the properties of RPNs and their suitability as phase-
transfer catalysts (PTC) or surfactants in oxidation reactions catalysed by POM.  
Chapter 2, the experimental chapter, describes the methods used for the synthesis of the 
catalysts and their components, the procedure for catalytic testing in each of the three different 
catalyst systems, and the techniques that were employed for their characterization. The basic 
theory of the techniques is outlined along with the context in which they were used in this 
study.   
Chapter 3 reports the study of biphasic oxidation reactions with H2O2 catalysed by RPN-
POMs (System One). Context for this work will be provided in a brief introduction, followed 
by analysis of the phase-transfer capabilities of the RPN moieties, results of the oxidative 
desulfurization and olefin epoxidation catalyst tests, and concluding remarks on the catalyst 
performance in these systems. Catalyst activity is tested for different POMs and RPNs with a 
range of different benzothiophenes and olefins in two-phase systems with either n-heptane, 




Chapter 4 outlines the results of catalysis with POM immobilized on RPN functionalized 
silica, POM/RPM-SiO2, for both oxidation reactions (System Two). Characterization of the 
RPN-SiO2 support and POM/RPN-SiO2 catalyst describes their morphologies and the species 
immobilized on the surface of the silica support. Oxidative desulfurization of three 
benzothiophenes is tested in n-heptane/H2O2 system to model a system with diesel fuel, 
whereas olefin epoxidation is tested in a range of organic solvent/H2O systems. The reactions 
are tested using different RPNs and POMs to find the best surfactant/POM catalyst combination 
for each system.    
Chapter 5 details the results of epoxidation of olefins with H2O2 using eutectic RPN-POMs as 
multifunctional solvent/catalysts (System Three). The effect of temperature, different POMs 
and different eutectic RPNs on the rate of catalysis are investigated. The properties of different 
eutectic RPNs with different mixed primary amine substituents and the properties of eutectic 
RPN-POMs are discussed. The effect of counter ion on materials properties and phases of 
eutectic RPN-X (where X = POM, Cl- or NO3
-) are also examined using X-ray diffraction and 
thermal studies.  
Finally, Chapter 6 concludes this study, providing a summary of the results from previous 
chapters and remarking on the significance of the findings in this work in the field of catalysis. 
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A catalyst was defined by Berzelius as a substance that is added to a chemical reaction to 
increase the rate, but is not itself consumed by the reaction;1 hence, a catalyst remains 
chemically unchanged at the end of a reaction and can be recovered and reused. Catalysis is, 
therefore, the acceleration of a reaction caused by the addition of a catalyst. Catalysis is vitally 
important for the modern industrial economy, with approximately 90% of processes using 
catalysts in one or more stages in the production of chemicals and materials.2  
A catalyst operates in a reaction by lowering the activation energy (Ea) - the energy that must 
be added to a system for the reaction to proceed - but does not alter the thermodynamics of the 
system (i.e. it does not alter the energies of the reactants or products themselves), nor does it 
change the equilibrium composition of the reaction (Fig. 1.1). It can do this by stabilising 
reactive transition states of one or more of the reactants, by bringing reactants together 
(proximity and orientation effects), and/or can enable otherwise inaccessible reaction 
pathways. 
In a reaction mechanism, a catalyst typically reacts with one or more of the reactants to form a 
temporary intermediate, or transition, species which reacts further along the catalytic cycle as 
the product is generated and the catalyst is regenerated. As a catalyst undergoes no permanent 
change at the end of a reaction, it can be reused numerous times for the same reaction and can 
be used in very small quantities. However, catalytic activity or small amounts of a catalyst can 






Fig. 1.1. Energy vs. reaction coordinate diagram to show the effect of a catalyst on the 
activation energy (Ea) of a reaction. In this reaction, reactant A is converted to product B.  
 
The benefits of using catalysts can be numerous. One of the main reasons for using catalysts in 
industry is that they can improve the economy of a reaction.2 Lowering Ea for a reaction lowers 
the energy requirements of the system and thus lowers the cost of the energy that needs to be 
put into the system to force the reaction to go. This can also force reactions to occur on an 
appreciable timescale that otherwise occur over a long period of time, or would not occur at all 
(e.g. the production of ammonia from N2 and H2 gas in the Haber process). Catalyst use can 
also provide environmental benefits by avoiding use of harmful reagents by making other safer 
and more sustainable reagents accessible, reducing reaction waste, reducing the volume of a 
reaction, and removing the requirement of toxic or volatile solvents, to name a few.  
Currently, the world is experiencing a “climate crisis” which has forced governments from 
many of the largest nations to push initiatives to reduce the production of environmental 
pollutants.4,5 There is a requirement for industries to reduce the possible environmental impact 
of chemical processes by reducing their waste and emissions. The production of more efficient 




must minimise the level of harmful by-products whilst not contributing impurities into the 
process themselves (e.g. through poor separation from the products, gradual decomposition 
etc.).       
There are two types of catalysis: homogeneous and heterogeneous; both types will be discussed 
briefly along with their merits and demerits with respect to each other.  
 
1.1.1 Homogeneous Catalysis 
A homogeneous catalyst is one which operates in the same phase as the reactants in a reaction. 
Homogeneous catalysis is most commonly carried out in a single solution phase in which both 
the catalyst and the reactants are dissolved and can react together.  
Many commonly used homogeneous catalysts are metal complexes. These are comprised of an 
active metal centre coordinated to a number of suitable ligands. The coordinated ligands often 
provide multiple operations such as solubilising the active metal centre in the solvent reaction 
medium, promoting the catalytic activity of the metal centre, and improving selectivity of 
reactants and products (e.g. coordinate regioselectivity, chemoselectivity and 
enantioselectivity). Substrates can be introduced onto the metal centre by: simple coordination 
at a vacant site on the metal centre; substitution of coordinated ligands through dissociative 
(SN1) or associative (SN2) mechanisms; oxidative addition, whereby the metal centre donates 
electrons to the incoming substrate; or sigma bond metathesis, which occurs when the metal is 
already in its highest oxidation state (d0). Coordinated substrates can then react through 
migratory insertion, nucleophilic attack of a second reactant with the coordinated substrate, or 
β-hydride elimination. The dissociation of the substrate(s) from the metal centre most 
frequently occurs by the reverse operation of its initial introduction. These processes are 




Homogeneous systems have many advantages; the reactions are usually fast as all metal centres 
are available for reaction in solution, the selectivity can be tuned by altering ligands around the 
metal centre, it is very easy to study in situ reactions using spectroscopic techniques, and some 
reactions can only be performed homogeneously such as the hydroformylation of alkenes. 
The inherent problems with homogeneous catalysis are in separation of the catalyst from 
reactants and products. This is often done by distillation which requires extra energy 
expenditure and can cause the catalyst to deactivate or the product to degrade. Catalyst 
recycling often requires extraction of the catalyst between runs which can lead to long “turn 
around” times between runs and some catalyst may be lost through transfer. Besides, the use 
of volatile organic solvents, which are commonly used as a reaction medium, is extremely 
hazardous to health and the environment. 
The problem of product separation can be solved by using aqueous biphasic catalysis (vide 
infra). The requirement of volatile organic solvents can be either reduced or removed entirely 
by using ionic liquids as a reaction medium, or by solventless reactions which can also involve 
liquid catalysts (vide supra).  
 
1.1.2 Heterogeneous Catalysis 
A heterogeneous catalyst is one which operates in a different phase to the reactants in a 
reaction. For instance, a catalyst may be a solid and the reactants may be gases. Many industrial 
catalysts are heterogeneous and important examples include bulk metal surfaces and zeolites 
for the reactions of gasses and liquids. Well-known examples include catalytic convertors in 
vehicles which use mixtures of Pd, Pt and Rh to catalyse the oxidation of CO and the reduction 
of NOx,
7-9 the Haber process which produces ammonia from N2 and H2 over an α-Fe catalyst,
10 




Reactions occur at the active sites on the surface of a catalyst. Various types of active site have 
been reported in the literature through the years, ranging from a specific arrangement of atoms 
on the surface of a metal to transition metal complexes tethered to a solid support such as silica 
or alumina. All heterogeneously catalysed reactions occur in cycles following the same generic 
steps: 
1. Transport of substrates to the catalyst 
2. Interaction with the catalyst (adsorption) 
3. Reaction to form product 
4. Desorption of product 
5. Transport of product away from the catalyst 
 
Fig. 1.2. Steps of heterogeneous catalysis cycle. 
 
Often the rate of the reaction is determined by the mass transport of the reactants and products 
to and from the surface of the catalyst, respectively, and the total number of available active 
sites on the catalyst surface.  
The main advantage of heterogeneous catalysis is that it is easy to separate the catalyst form 
the product. Other advantages are that some processes can only be conducted with 
heterogeneous catalysts, such as exhaust gas catalysis, and heterogeneous catalysts usually 




The inherent problems with heterogeneous catalysis are that only the surface atoms are 
available to perform catalysis which means reactions are slower. They often provide poor 
selectivity, and catalyst poisoning, caused by chemical bonding of the reactants and products 
to the active sites, can cause partial or total deactivation of the catalyst. Sintering by cohesion 
of active sites on the surface (i.e. the growth of metal crystallites by migration of metal active 
sites) is also a common problem with these types of catalyst. 
Nonetheless, porous catalysts or porous supports can be used to increase the surface area and 
the number of available active sites to improve catalytic activity, and templating with other 
molecules when forming the catalyst can be employed to influence the shape and size of pores 
to improve catalyst selectivity. Another method to improve catalyst selectivity is controlled 
poisoning (e.g. Lindlar’s catalyst12).3  
 
1.1.3 Heterogeneous vs. Homogeneous Catalysis 
Table 1.1 compares some of the most important properties of heterogeneous and homogeneous 
catalysis. It is important to note that some processes can only be carried out exclusively by 
heterogeneous or homogeneous catalysis (e.g. exhaust catalysis and hydroformylation of 
alkenes, respectively). Notable advantages of homogenous catalysis over heterogeneous 
catalysis include: up to 100% availability of all active sites, whereas only surface active sites 
are available in heterogeneous catalysts, which can improve the rates of reaction and reduces 
the weight and amount of catalyst used in the reaction mixture; tuneable selectivity at the 
catalysts active sites; and the ability to track the processes in a reaction using in situ 
spectroscopic techniques, which can help to discern the mechanism of the reaction. However, 
product separation is much more difficult, often requiring the application of techniques such as 




whereas in heterogeneous catalysis the catalyst is inherently separated from the product and 
can often be separated by simple decantation. 
Table 1.1. Comparison of the Properties of Homogeneous and Heterogeneous Catalysis.13  
Property Heterogeneous Homogeneous 




Solvent Not required Usually required 
Thermal Stability Robust Sensitive 
Availability of Active Sites Surface only All metal centres available 
Selectivity Can be poor Can be tuned 
In Situ Analysis Difficult Can use spectroscopic 
techniques 
Product Separation Easy Difficult 
 
Homogeneous catalysis generally requires the use of a volatile organic solvent as a reaction 
medium to solubilise the catalyst and the reactants which are often toxic, harmful to the 
environment, and increase the waste from the process if they cannot be recycled. In 
comparison, in heterogeneous catalysis the reactant only has to pass over the surface of the 
catalyst to interact with the active sites for a reaction to take place, so the use of additional 
solvents is often not required. 
Aqueous biphasic catalysis and ionic liquids can be applied to homogeneous catalytic systems 
to improve catalyst-product separation and reduce waste.      




1.1.4 Aqueous Biphasic Catalysis 
The application of aqueous biphasic systems in catalytic reactions was first theorised by 
Manassen in 1973.14 It has since become a developed area of catalysis which aims to combine 
the high conversions and selectivities of homogeneously catalysed reactions, whilst providing 
the easy separation of catalyst, reactants and products afforded by heterogeneously catalysed 
reactions. The systems for these reactions are composed of two immiscible solvents, an organic 
solvent and water, in which the catalyst operates in one phase and the products form in the 
other. Scheme 1.1 details a typical mechanism for catalysis in an aqueous biphasic system.  
 
Scheme 1.1. Typical mechanism for a reaction catalysed in an aqueous biphasic system.  
Initially, the catalyst reacts with a reagent in one phase, here the aqueous phase, to form a 
catalytically active species. The reaction occurs through interaction between the catalyst and 
the reactant at the phase boundary (or interface) between the two layers, which is largely aided 
by emulsification of the two-phase solvents through stirring.15 The product then remains in the 
organic phase and the catalytically active species is regenerated in the aqueous phase by 
reacting with more reagent. Once the reaction has run to completion, the product can be 
extracted by simple phase separation techniques (e.g. decantation) whilst the catalyst remains 




reaction “green” as the catalyst does not enter the environment after the reaction has been 
completed, allowing for safer, more environmentally friendly methods of reuse and 
disposal.16,17 Owing to their versatility and “green” properties, biphasic homogeneous systems 
have been used in a wide variety of catalytic processes such as the Shell Higher Olefin Process 
(SHOP) in the production of detergent-ranged alcohols,18 the Ruhrchemie/Rhone-Poulenc 
process for the hydroformylation of propene,19,20 and the polymerisation of THF.21  
The main problem often encountered in aqueous biphasic reactions is long reaction times due 
to limited interaction of the catalyst and reactant(s) at the interface resulting from phase 
immiscibility. As previously intimated, emulsification of the phases to increase the area of the 
interface through stirring can improve reaction times, but often the improvement is only small. 
The problem of immiscibility has often been solved using co-solvents which have both organic 
and polar features (e.g. ethanol, methanol etc.) that provide miscibility in both phases, 
reducing/eliminating the phase boundary effect and improving accessibility between the two 
reactants. However, rate acceleration of the reaction also tends to be minimal due to excessive 
solvation of the catalyst and the use of expensive aprotic co-solvents such as dimethyl 
formamide (DMF), dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) etc.  drives 
up reaction costs and makes post-reaction separation of the solvents more difficult.22,23 The 
addition of emulsifiers to increase the interfacial surface area has also been used to promote 
reaction at the interface, but this usually results in difficulty in separating the product from the 
reaction matrix due to high stability of the emulsion.  
A more elegant solution to overcoming the phase barrier problem is through the addition of a 




1.1.4.1 Phase-Transfer Catalysis  
The term “phase-transfer catalysis” (PTC) was originally coined by Starks24 to describe the 
acceleration of a reaction that is directly caused by use of a phase-transfer catalyst. A phase-
transfer catalyst is a compound which facilitates the migration of a reactant in a two-phase 
system from one phase into the other where the reaction occurs.25 They are most commonly 
lipophilic cations that are added to aqueous biphasic systems to facilitate the migration of 
hydrophilic anionic reactants between phases through the formation of amphiphilic ion pairs. 
They are often added to the reaction mixture in the form of a salt. The mechanism for a 
primitive phase-transfer catalysed reaction - a simple nucleophilic substitution in an aqueous 
biphasic system - is illustrated in Scheme 1.2. In this system, the PTC is a cationic species (Q+) 
and the reactant, solubilised in the aqueous phase, is an anionic species (X-). The Q+ complexes 
with X- in the aqueous phase to form an intermediate complex (Q++X-) which can transfer 
reversibly between the two phases facilitated by Q+ (step 1). Once in the organic phase, the 
complexed X-, can react with the second lipophilic reactant (R-Y) in step 2 to give the product 
(R-X). Q+ complexes with by-product anion (Y-) and the resulting intermediate (Q+Y-) can then 
reversibly transfer between the two phases (step 3). Once in the aqueous phase, Q+ can 
regenerate Q++X- with X- (step 4) and the cycle repeats until one or both of the reactants are 
used up.  
 




PTC reactions often occur in two important steps which determine the mechanism of the overall 
reaction: i) the intrinsic reaction step and ii) the phase-transfer step. The intrinsic reaction step 
is the target reaction step, which in Scheme 1.2 is the displacement reaction of Y- with X- in 
the organic phase. The phase-transfer step is the transfer of a reactant between the two phases. 
If the intrinsic reaction step is the rate-limiting step, then the phase-transfer operates by an 
extraction mechanism; if the phase-transfer step is the rate-limiting step, then the reaction 
operates via an interfacial mechanism. The extraction mechanism was described by Starks and 
the intrinsic mechanism for phase-transfer in a biphasic system was described by Brandstrom 
and Montanari, and Makosza, and can be seen in Scheme 1.3.25  
The extraction mechanism was first presented by Starks for the reaction of 1-chlorooctane and 
aqueous sodium cyanide.27 In this mechanism, the PTC is amphiphilic and can operate in both 
phases. In the interfacial mechanism, the PTC operates only at the interface. The interfacial 
mechanism can be sub-divided into two further mechanisms: the Makosza modification and 
the Brandtstrom-Montanari modification.25 In the Makosza mechanism, an anionic reactant 
from the aqueous phase is first transferred into the interfacial region by the PTC to form the 
intermediate catalytic reagent. The intermediate is usually too hydrophilic to enter the organic 
phase and so reaction with the second reactant occurs at the interface to yield the desired 
product.28 In the Brandstrom-Montanari mechanism, the PTC is too lipophilic to enter the 
aqueous phase and instead complexes with the aqueous reagent at the interface to form the 
intermediate salt. The intermediate can then react with the second reactant in the organic phase 






Scheme 1.3. Extraction and interfacial mechanisms for phase-transfer. 
 
The rate of all phase-transfer catalysed reactions depends on the efficiency of the phase-transfer 
step. Increasing the interfacial area between the two phases improves phase-transfer efficiency 
and makes the reactants available for reaction faster. The interfacial area can be increased: by 
decreasing the interfacial tension through the use of smaller amounts of non-polar solvents in 




create disperse droplets; by introducing surfactants to the mixture to aid the formation of 
disperse, tiny droplets; or by the formation of a third-phase composed of the PTC.30 The 
bulkiness of the PTC will also affect the rate of phase-transfer. Quaternary ammonium cations 
are often used for a variety of reactions such as nucleophilic substitutions, eliminations, 
reduction and oxidation reactions, to name a few. The lipophilicity of these catalysts is 
provided by their alkyl chains and so most reactions they catalyse operate by an interfacial 
mechanism as a result. As these chains increase in size, the cation becomes much more 
lipophilic and bulky, which gives the cation a greater affinity for the organic phase but reduces 
availability of the cation centre for binding through steric hindrance and reduces the catalyst 
concentration at the interface. These factors will reduce the rate of transfer. The use of 
asymmetrical quaternary cations (i.e. with two shorter alkyl chains and two longer alkyl chains) 
can improve availability of the cationic centre to the interface for anion binding, yet still 
provide the necessary lipophilicity to solubilise the resulting complex in the organic phase.    
The choice of PTC not only influences the rate of the phase-transfer step, but can also have a 
marked influence on the rate of the intrinsic step also. For a reaction to occur in the organic 
layer the transferred anion must be in a highly reactive form and, whilst many organic-phase 
reactions are so fast that they do not require activation of the anion beyond delivery into the 
organic phase, some anions need to be activated to achieve more practical reaction rates. The 
first method of activation occurs through greater separation of the cation and anion in the 
intermediate complex salts which results in looser anion binding and makes the anionic reactant 
more available for reaction. The second method is through reduced water of hydration around 
the anion or the entire salt which, when present, can provide steric hindrance and dampen the 
effective charge of the anion, thus reducing its reactivity. The third, and probably most obvious 
method, is by dispersion of the anion throughout the organic layer to provide better availability 




Aside from choice of PTC, the rate of the intrinsic step can also be improved by other factors 
such as agitation, heating, and the use of a cocatalyst. Cocatalysts are widely used in both 
laboratory practices and industrial applications. In these processes both catalysts operate 
independently, but when applied together improve the efficiency of the system. The nature in 
which cocatalysts operate within PTC systems can be subdivided into three categories. The 
first category of cocatalyst embraces reactions of hydrophilic anions of low lipophilicity that 
cannot be transferred efficiently between phases in simple phase-transfer catalysed systems. 
For example, the addition of alcohols to a system can significantly improve hydroxide 
transfer,31 or the addition of triphenylin fluoride to aid transfer of anhydrous KF in biphasic 
fluorination processes with quaternary ammonium salts.32,33  
The second category involves the use of transition metal catalysts with a PTC in biphasic 
systems. These reactions can often proceed independently of the PTC in either homogeneous 
or heterogeneous systems, but addition of the PTC often provides significant advantages such 
as easy catalyst or product separation once the reaction is complete. Examples of such reactions 
include the catalytic phase-transfer carbonylation of benzyl halides with iron pentacarbonyl or 
cobalt tetracarbonyl.34,35  
In the third category of cocatalytic process, the catalyst activates the reagent in the aqueous 
phase via association. The resulting active complex is then transferred into the organic layer 
facilitated by the PTC. Once the organic phase reaction has taken place, the catalyst migrates 
to the interface or into the aqueous phase to activate another molecule of reagent. Molybdate 
and tungstate have proved to be highly effective cocatalysts with quaternary onium salts in 





1.1.5 Catalysis-Performing Solvents 
In this work, eutectic RPN-POMs were used as multifunctional solvent-catalysts for the 
epoxidation of cyclooctene with H2O2 with the aim of designing a system which avoided using 
volatile organic solvents in the reaction mixture. The eutectic RPN-POMs are eutectic ionic 
liquids and so this section introduces ionic liquids and deep eutectic solvents and their uses in 
catalysis.  
1.1.5.1 Ionic Liquids  
Ionic liquids (ILs) are molten salts that exist in the liquid state at temperatures below 100 oC,39 
though many ionic liquid compounds are liquids under ambient conditions (room temperature 
ionic liquids- RTILs).40-42 Composed of organic cations and inorganic or organic anions, they 
exist in a liquid state due to poorly coordinated ions in low symmetry arrangements that exhibit 
ionic-covalent crystalline structures but do not form well-ordered crystal lattice structures.43,44 
Many reported examples of ILs in the literature are often halide salts of alkyl ammonium, 
imidazolium and phosphonium cations.40,45-48 The synthesis of a variety of other ILs typically 
involves reaction of halide salts with an appropriate Lewis acid.49-51  
The formation of IL solids requires low temperatures, though, glass transitions are often 
observed instead of melting points due to the difficulty in forming well-ordered arrangements, 
especially when long aliphatic side chains are involved.52,53 Interactions between the ions affect 
mechanical, chemical and electrical properties of ILs. Species with complex arrays of strong 
ionic, hydrogen-bonding and van-der-Waals interactions between ions regularly show 
negligible vapour pressure in the absence of decomposition, giving rise to non-flammable 
substances with high thermal and electronic stabilities.54 Properties such as viscosity, melting 
point, solubility and hydrophobicity can be manipulated by careful choice of cations and anions 
to fulfil a specific role; these are often called “designer solvents” or “task specific ionic 




including solvents,58,59 electrolytes,60,61 separation,62,63 heat storage,64 pre-treatment of 
biomass,65 corrosion resistant coatings for reactive metals66 and lubricants67 amongst other 
uses.  
Use of ILs as solvents is one their most well researched applications. Often regarded as “green 
solvents” in the literature, their high thermal stability, non-flammability and recyclability has 
seen them used as suitable replacements for volatile organic solvents in reactions; indeed, there 
is a wealth of literature that is available which document the use of ILs as solvents for numerous 
organic and inorganic reactions.68-74  
The melting point of an ionic liquid is an important factor with these compounds, particularly 
when viewed with regards to use as a reaction solvent. In this case, it is imperative that the IL 
chosen as a reaction solvent has a melting point below the temperature of the desired reaction 
in order for the reaction to take place; hence, IL melting points is a topic that has been 
extensively investigated over the last 30 years, and much of this work has been reviewed.75,76  
Use of the “green” moniker, however, can be a point of contention as volatile organics are 
sometimes used as a synthetic medium to prepare ionic liquids, and data on biodegradation and 
the toxicology of ILs is often unknown.77  
Much interest in using ILs as solvents has focussed on their use in catalytic reactions; a topic 
that has been the subject of many reviews.78-80 More recent work has seen the development of 
multifunctionality to the ILs in these systems by appropriation of one of the ions (often 
organometallic cations) to also perform catalytic reactions.39,81-84  
The first report of an IL used as a catalyst was in Freidel-Crafts acylation in 1986.85 Since then, 
many different ILs have been developed for use as catalysts in a diverse range of reactions such 




using ILs as solvent-catalysts include minimising the volume of reaction mixture, improving 
stabilisation of catalytically active species through ionic interactions with counter ions, and use 
of counter-ions as catalyst promoters. Some IL catalysts can even operate as reaction controlled 
catalysts, whereby they solubilise under a specific set of reaction conditions and alteration of 
the conditions at the end of the reaction causes the catalyst to self-separate, thus improving 
catalyst-product separation.89-92  
 
1.1.5.2 Deep Eutectic Solvents 
The approach of using mixtures of different ion constituents or different molten salt 
components to influence the properties of ionic liquids has been investigated previously in the 
literature and, indeed, there are a few recently published reviews on the subject.41,93,94 Using 
this approach, low-temperature ionic liquids have been produced by combining different nitrate 
salts for use as heat-transfer fluids,95,96 or by using compositions of a range of different ions.93,97 
The combination of one or more compounds in a mixture creates a eutectic with a melting point 
lower than the individual components. These mixtures are otherwise known as eutectic 
mixtures, deep eutectic solvents or deep eutectic ionic liquids.97-99 In addition, hydrogen-bond 
donating species may also be added to these mixtures to further influence the properties.97   
Like their conventional ionic liquid analogues, Deep eutectic solvents (DESs) have found 
applications in catalysis,100 organic synthesis,101 dissolution and extraction processes,102-104 
electrochemistry,105 gas adsorption,106 separation,107 and materials chemistry,108,109 due to the 
tuneability of their physiochemical properties such as melting point, solubility, viscosity,  and 
density, among others.98 They are most commonly used as reaction media in place of volatile 
organic solvents for catalysis and organic synthesis as they often have low-cost components, 




non-toxic, and can even be water compatible.98,100,101,107 Furthermore, some eutectic ionic 
liquids have been functionalized to also perform catalysis in addition to operating as a solvent 
for a variety of reactions.  
The use of DESs in catalysis is a rapidly developing area of research. They have been reported 
for their use as green and sustainable media as well as catalysts in many chemical processes. Some 
of the recent advances in these areas have been reviewed.100,110 Phosphonium-based deep eutectic 
(P-DES) solvents and an alkali were reported as catalysts for the production of low grade crude 
palm oil (LGCPO)-based biodiesel using a two-stage process.111 The P-DES showed high 
catalytic activity in the pre-treatment of LGCPO. Choline chloride/zinc chloride eutectic 
solvents have also been reported as catalysts for a three-component Mannich type reaction of 
aldehydes, amines and ketones (acetone and acetophenones) at room temperature to give amino 
carbonyls in 60 to 98 % yields.112 The catalyst could be recycled at least four times without a 
remarkable decrease in its catalytic activity. Halogen- free Brønsted acidic DESs of quaternary 
ammonium methanesulfonate salts (e.g. TCyAMsO, TBnAMsO, TOAMsO or TCyATos) with 
p-toluenesulfonic acid have been used as dual solvent-catalysts for esterification of several 
carboxylic acids with different alcohols.113 Yields of up to 97% were reported for the best 
performing reaction of lauric acid with methanol in 2 h at 60 °C using TCyAMsO-p-TSA DES 




In this work polyoxometalates (POMs) were used as precursors for catalytically active peroxo 
polyoxometalate species in aqueous biphasic oxidations with H2O2. POMs were introduced to 




available and provide acidic protons for the protonation of RPN phase-transfer moieties to their 
corresponding cationic species, which are required to form ionic and hydrogen bonding 
interactions with the anionic POMs (and peroxo POMs) to make the POM-RPN aggregate 
catalysts. The relative activity of POMs in these systems depends on their HPA acid strength, 
oxidation potential, and hydrolytic stability. The POMs used in this work are PW12O40
3- (PW), 
PMo12O40
3- (PMo) and SiW12O40
4- (SiW), and their properties are listed below:114  
Acid strength (HPA): PW > SiW ≥ PMo 
Oxidation potential: PMo >> PW > SiW 
Hydrolytic stability: SiW > PW > PMo 
This section will introduce the nomenclature for POMs and their derivative species that have 
been used in this work, and will also provide the background on the relevant properties and 
chemistry of POMs required to explain the experimental observations and conclusions made 
in this study.        
 
1.2.2 Introduction 
Polyoxometalates are a very diverse class of nano-sized metal-oxide clusters that are unique in 
their structural variety and functional versatility, with applications in various disciplines of 
current technological, environmental and economic interest (e.g. catalysis, materials science, 
medicine and energy).115-117 The arrangement of the clusters forms an extensive array of 
anionic structures constituting early transition-metal elements in their highest oxidation states. 
These structures are categorised as either isopoly or heteropoly anions with the general 
formulas [MmOy]
p- and [XxMmOy]
q- (x ≤ m), respectively, where M represents the addendum 
atom (typically MoVI, WVI, VV etc.) and X is the heteroatom (usually P5+, Si4+, As5+, B3+, etc.). 




aqueous solutions via a self-assembly process involving the condensation of one or more 
oxoanions and can be isolated as solids with an appropriate counter-cation such as H+, alkali 
metal cations (K+, Na+, Cs+ etc.) and NH4
+. Examples for the formation of an isopolyanion 
([Mo7O24]
6-) and a heteropolyanion ([PW12O40]
3-) are outlined in equations 1.1 and 1.2, 
respectively:116  
7MoO4
2- + 8H+ → [Mo7 O24]
6- + 4H2O (1.1) 
HPO4
2- + 12WO4
2- + 23H+ → [PW12O40]3- + 12H2O (1.2) 
 
1.2.3 Nomenclature 
A simplified nomenclature is used for POMs in which they are considered pseudo coordination 
complexes. If a heteroatom is present then this is regarded as the central atom of the complex 
and the addenda atoms as the ligands and, as such, a complex consisting of a phosphorus 
heteroatom and twelve tungsten addenda atoms would be written [PW12O40]
3-. In acid form – 
referred to as polyacids or polyoxoacids – the proton countercations are placed outside of the 
brackets or, often, the brackets are completely dropped to give H3[PW12O40] or H3PW12O40. 
The same nomenclature is also used for other counter cations, for instance Na+ in 
Na3[PW12O40]. For simplicity, it is common practice to omit the charge, counter ion and even 
the oxygen atoms; for example, H3PW12O40 may be abbreviated to PW12, PW or HPW. 
In this work, we will mostly deal with heteropoly anions and will use the term ‘heteropoly 
compounds’ as a general term referring to all heteropoly anions and their derivatives, including 
the anions themselves, their conjugate heteropoly acids (HPAs) and their heteropoly salts. We 
will particularly focus on the use of Keggin-type heteropoly compounds with the general 
structural formula [XM12O40]
n-, as these will be used as precursors to the active catalysts used 




the heteropoly acid will be abbreviated to ‘HXM’ and the heteropoly salts will be abbreviated 
to ‘Y-XM’ for brevity, where X = heteroatom, M = addendum atom and Y = the salt counter 
cation.   
  
1.2.4 Heteropolyoxometalates 
Heteropoly compounds are most notably distinguished from their isopoly counterparts by the 
presence of a heteroatom situated in well-defined sites at the centre of the polyanions.115 These 
compounds are of particular interest in catalysis: an area in which heteropoly acids (HPAs) in 
particular have attracted much attention over the last three decades due to their strong 
Brønstead acidity, ability to undergo fast redox transformations under mild conditions, wide 
range of adjustable acid-base redox properties, good thermal and oxidative stabilities compared 
with common organometallic complexes, good solubility in polar solvents, and pseudo-liquid 
phase behaviour.116 Indeed, these attributes have seen applications of heteropoly compounds 
in various areas of catalysis from acid to oxidation catalysis in a plethora of different 
homogeneous and heterogeneous systems.118 The properties of a given heteropoly compound 
originate from both the molecular and electronic structures provided by the bonding between 




1.2.5.1 Structural Hierarchy of Polyoxometalates 
Apart from being relatively complex structures themselves, POM particles (individual POM 
molecules) are also part of a structural hierarchy in which they can be considered a single 




by Misono et al. to highlight the structural diversity of solid heteropoly compounds,118 and 
consists of a 3-tiered system of primary (individual particles), secondary (crystal structure and 
packing) and tertiary (textural properties) structures to describe the solid and its properties. 
 In the hierarchy, the POM particles are considered the primary structures. In solution, 
individual POMs can be more easily observed coordinated to solvent molecules or in their acid 
form. These “primary structures” can adopt many different configurations which can be 
identified starting from 3 highly symmetrical “parent structures” with tetrahedral and 
octahedral central polyhedra – the Keggin119 and Wells-Dawson,120 and Anderson-Evans121 
structures, respectively – and any other POM structures are considered as their derivatives.122 
The stability of these structures in aqueous solution relies heavily on the pH; acidic solutions 
(pH > 2) are required to prevent them from degrading via hydrolysis. Though the chemistry of 
the Wells-Dawson and Anderson-Evans structures is fascinating and has been well 
researched,120,121,123,124 these POMs were not used in this work and, as such, will not be 
discussed in depth.  
In the solid state, heteropoly acids form ionic crystalline structures using linkers such as 
hydrated protons (H5O2
+). The complex formed between the linkers and the POMs comprise 
the “secondary structure” of the hierarchy. The 3-dimensional structures created by the POMs 
and the linkers, as they are assembled, are the “tertiary structures”; the size of the primary ions 
and secondary complexes, the structure of the pores and the distribution of protons and cations 





Fig. 1.3. Primary, secondary, and tertiary structures of heteropoly compounds: (a) primary 
structure (Keggin structure, XM12O40); (b) secondary structure (H3PW12O406H2O); (c) 
secondary structure (Cs3PW12O40 unit cell); (d) tertiary structure of bulk Cs2.5H0.5PW12O40.
118  
 
1.2.5.2 The Keggin Structure 
The most comprehensively researched of the polyoxometalate structures, by far, is the 12:1 
Keggin structure (Fig 1.4).119,125-127 Among a wide variety of heteropoly compounds, Keggin 
POMs are the most stable, the easiest to synthesize and the most commercially available. These 
compounds, together with their derivatives, are the most important for catalysis. 
Keggin heteropoly acids have a diameter of ca. 1.2 nm and consist of 12 edge and corner O-
sharing MO6 octahedra (most commonly M = Mo
VI, WVI or VV) which are arranged into a 
spherical structured framework encapsulating a central, charged tetrahedron ([XO4]
n-, typically 
X = PV, SiVI, AlIII etc.). The structure contains a total of 40 oxygen atoms: four M3O13 groups 




bonds between the octahedra, and twelve terminal M=O bonds and four X-O-M bonds which 
comprise the tetrahedral centre. The most frequently used addenda atoms are MoVI and WVI 
due to their favourable ionic radius and charge combinations which improves accessibility of 
the empty metal d-orbitals to the filled oxygen 2p orbitals for oxygen-metal π-bonding.  
 
  
Fig. 1.4. Keggin structure: The heteroatom (purple) can be seen in the centre of the tetrahedron, 
formed between itself and 4 surrounding oxygen atoms (red). The addenda atoms are depicted 
in blue.128  
 
Each of the M3O13 groups can be rotated about its 3-fold axis which leads to geometrical 
isomers, of which there are a total of 5: α, β, γ, δ and ε. The most common isomer is α and 
rotation of one of its M3O13 groups by 60
o produces the β isomer, rotation of two gives the γ 





Fig. 1.5. Geometrical isomers of Keggin-type polyoxometalates. The α isomer is shown in the 
centre. Rotation of one or more of the M3O13 groups in the α isomer by 60
o produces the β, γ, 
δ and ε isomers.129 
 
1.2.5.3 Lacunary Keggin Anions 
Lacunary or defective derivatives of the Keggin POM are produced by the removal of one or 
more addendum atoms.115 This produces vacancies in the Keggin structure which have been 
used as binding sites and/or active sites in many reactions, including oxidation reactions.130,131 
Fig. 1.6 illustrates examples of a monovacant [XM11O39]
n- and a trivacant [XM9O34]
n- species 
in which a Keggin compound has lost one and three MO6 octahedra, respectively. The 
formation of lacunary species often depends on pH in solution and, as such, this subject will 





Fig. 1.6. Monovacant (a) and trivacant (b) lacunary POM species.115,118 The central XO4 
tetrahedron is not shown in the monovacant structure.   
 
1.2.6 Thermal Stability of Solid Compounds 
Heteropoly compounds are thermally robust and are solids at room temperature. The thermal 
stability of these compounds is measured by methods such as thermal gravimetric analysis 
(TGA), differential thermal analysis (TG-DTA), differential scanning calorimetry (DSC) and 
X-ray diffraction (XRD). Simple solubility tests have also been successfully used to test the 
thermal stability of heteropoly compounds in which the compound is first heated to a desired 
temperature and then water is added; if the sample solubilises then the structure is deemed to 
have remained intact, otherwise decomposition has taken place.132 In general, the Keggin-type 
heteropoly compounds are the most stable of the various types of polyoxometalates. 
Moderately high temperatures are often required for the onset of thermal decomposition.116  
 The thermal decomposition of POMs often occurs through a complex multi-stage 
process. For heteropoly acid hydrate H3PW12O40·xH2O, physisorbed water is lost at 




between 100-280 oC, and the loss of the acidic protons and the onset of thermal decomposition 
of the Keggin structure occurs in the range of 370-600 oC.116-118  The same observations were 
made for the thermal degradation of H3PMo12O40 at similar temperatures, indicating that the 
loss of the acidic protons is required before the Keggin structure is sufficiently destabilised to 
thermally decompose.133 The decomposition temperature (oC) for the most typical Keggin 
heteropoly acids, as estimated from TGA, decreases in the following series:134 
H3PW12O40 > H4SiW12O40 > H3PMo12O40 > H4SiMo12O40 
465  445             375                350 
 
1.2.7 Properties of POMs in Solution 
 
1.2.7.1 Solubility 
The lattice energies of heteropoly compounds and solvation energies of heteropoly anions are 
low. Heteropoly acids are highly soluble in water and small chain oxygen-containing organic 
solvents, such as lower alcohols and ethers, but are highly insoluble in nonpolar solvents such 
as alkanes. Salts with small cations such as Na+ and Li+ are also readily soluble in aqueous 
media in contrast to salts with larger cations, such as K+ and NH4
+, which are not soluble in 
water. Salts of large organic cations such as quaternary ammonium salts are soluble in nonpolar 
organic solvents but insoluble in water which is useful in applications such as biphasic catalysis 





1.2.7.2  Acidity in Solution  
Heteropoly acids of the Keggin type are usually strong Brønsted acids which, when dissolved 
in an aqueous solution, completely dissociate into their constituent protons and heteropoly 
anions. Heteropoly acids are much stronger than mineral acids such as H2SO4, HNO3, HCl etc. 
This can be rationalized by the large size of the heteropoly anions and delocalization of the 
electronegative charge through its greater structure, which leads to weaker electrostatic 
interactions with its acidic protons making them easier to lose. By comparison, the much 
smaller anions created by the dissociation of mineral acids have much smaller structures with 
much more localized and less disperse anionic charges, which creates stronger electrostatic 
interactions with protons and thus more effectively binds them. A comparison of the acid 
strengths of heteropoly acids gives the order:136  
H3PW12O40 > H4 SiW12 O40 ≈ H3PMo12O40 > H4SiMo12O40.  
The acid strength is diminished when WVI is replaced with MoVI and VV or when the 
heteroatom PV is replaced with SiIV. Misono et al. demonstrated the effect of heteroatom on the 
acidity by measuring the Hammett acidity as a function of the heteropolyanion charge for 
different heteropoly acids in acetonitrile (Fig 1.7).137 Typically, as the charge on the heteropoly 
anion decreases and the valence of the heteroatom increases, electrostatic interactions with 





Fig. 1.7. Hammett acidity function (Ho) of HnXW12O40 as a function of the charge of the 
polyanion.137 
 
1.2.7.3  Stability in Solution 
Keggin heteropoly acids - and some Keggin salts - are highly soluble in polar solvents and 
usually fully dissociate in aqueous solution, making them strongly acidic. The near-spherical 
POMs that are formed are weakly solvated due to the low charge density on the external 
bridging and terminal oxgygen atoms, which form only weak hydrogen bonding interactions 
with the solvating water molecules. This is evidenced by hydrodynamic radii measurements, 
which often correspond with the crystallographic radii for a given heteropoly acid.138  
The structure and stability of solvated POMs is dependent on the pH of the solution. Fig. 1.8 
shows the effect of pH on the stability of some common Keggin type POMs. In acidic media 
(pH ≤ 1.5) all POMs are present in their Keggin heteropoly anion form [XM12O40]
n-. As the pH 




The initial degradation is, therefore, dependent on addendum atom type and stability decreases 
in the order of: 
𝑊𝑉𝐼 > 𝑀𝑜𝑉𝐼 > 𝑉𝑉 
 













The heteroatom is also influential on the stability of the POM; for instance, the stability of 
MoVI heteropoly anions decreases with respect to the heteroatom of the order: 
𝑆𝑖4+ > 𝑇𝑖4+, 𝑍𝑟4+ > 𝐺𝑒4+ > 𝑃5+ > 𝐴𝑠5+ 
The choice of addenda and heteroatoms consequently affects the state of the POM at a given 
pH. Petterson et al. demonstrated that a variety of POM species can be formed by a solution of 
1:12 HPO4
2- and MoO4
2- at different pH values.140 The Keggin [PMo12O40]
3- exists in solution 




(~10-1 M) hydrolysis occurs via the formation of a dimeric [P2Mo18O62]
6- intermediate. In more 
dilute (< 10-3 M) solutions the process occurs through a [PMo11O39]
7- intermediate as outlined 













2− +  𝑀𝑜𝑂4
2−   
Zhu et al. studied the decomposition behaviour of [PW12O40]
3- in aqueous solution with respect 
to pH and identified the main species present at various pH values.141 The results are outlined 
in Table 1.2. Decomposition of [PW12O40]
3- was reduced in the presence of acetone or ethanol 
at pH less than 8. 
Table 1.2. Main species identified at various pH values in decomposition studies of 
[PW12O40]
3- in aqueous solution.141 























The degradation of most POM species occurs within a small pH range, from the formation of 
the first lacunary species through to complete decomposition to their constituent addenda and 
hetero atoms. Within this range, many complex equilibria involving the formation and 




equilibria are slow in tungstate systems and rapid in molybdate systems.115,142 In liquid phase 
catalysis by polyoxometalates (particularly oxidation reactions), unless the system requires a 
very particular structure of POM, and thereby precise buffering of the pH, it is often the case 
that there are numerous degraded POM species present and many of these may be involved in 
the catalysis.116    
 
1.2.8 Use in Catalysis 
The first attempts at using POMs for catalysis date back to the early twentieth century. Since 
then, catalysis by heteropoly compounds has been at the forefront of fundamental and applied 
catalysis. The success of heteropoly compounds in the field of catalysis is due to their unique 
physiochemical properties, most importantly their multifunctionality and their structural 
mobility.135 They are strong Brønsted acids and can undergo reversible redox transformations 
under mild conditions. These properties can be tuned by careful selection of the structural 
components (i.e. addenda, heteroatom, counter cations etc.) which comprise their discrete ionic 
structures. The structures are frequently maintained upon cation substitution or 
reduction/oxidation which leads to high proton mobility and a ‘pseudo-liquid’ phase – in which 
the diffusion of the reactant through the solid lattice is faster than the reaction, allowing reactant 
molecules in the gas or liquid phase to penetrate in between the polyanions (primary structure) 
and react inside the bulk solid. Consequently, POMs/HPAs are often used in acid catalysis and 
selective oxidation reactions.118,143-145 These reactions can be performed homogeneously in 
liquid systems or heterogeneously in solid-liquid, solid-gas or even liquid-liquid systems due 
to the high solubility of most POMs in polar solvents and their high thermal stability in the 
solid state. Systematic mechanistic studies of heteropoly compounds on the molecular level 
have resulted in the application of these catalysts in many large-scale industrial processes for 




Table 1.3. Industrial processes catalysed by heteropoly acids.146 




CH2=C(CH3)CHO + O2 → CH2=C(CH3)COOH Mo-V-P-HPA Het 1982 
CH2=CH2 + O2 → CH3COOH Pd-H4SiW12O40/SiO2 Het 1997 
CH2=CHCH3 + H2O → CH3CH(OH)CH3 H4SiW12O40 Hom 1972 
CH2=C(CH3)2 + H2O → (CH3)3COH H3PMo12O40 Hom 1984 
CH3CH=CHCH3 + H2O → 
CH3CH(OH)CH2CH3 
H3PMo12O40 Hom 1989 
nTHF + H2O → HO-[-(CH2)4-O-]n-H H3PW12O40 Bip 1985 
CH2=CH2 + CH3COOH → CH3CH2OOCCH3 H4SiW12O40/SiO2 Het 2001 




In this work, aqueous biphasic systems were used to carry out oxidation of organic compounds 
in the presence of both homogeneous and heterogeneous POM derivative catalysts. For this 
reason, only POM catalysed oxidation reactions will be discussed further in this section and in 
later chapters. Many reviews on catalysis by polyoxometalates have been published, however, 
which summarise the findings of all areas of POM catalysis since its inception. These include: 
acid and oxidation catalysis by POMs in liquid phase reactions;114,136, 147-149 POMs as catalysts 
for fine chemical synthesis;116,150 heterogeneous acid and oxidation catalysis by 
POMs;118,149,151-155 industrial applications of POMs;21 light alkane functionalization by POM 
catalysis;156 photocatalysis by POMs;149,157 transition metal-substituted POMs for liquid-phase 
oxidation;149 the use of POMs for studies of catalyst active sites;158 HPAs as ‘green’ 
catalysts;159 POM-based phase-transfer catalysis for organic reactions;160 POM-based 
heterogeneous catalysts for liquid-phase organic transformations;150 and general overviews of 
POM catalysis.118,161  
 
1.2.8.1  Polyoxometalates as Catalysts for Selective Oxidation in Liquid-Phase 
Reactions 
Selective oxidation of organic compounds catalysed in homogeneous and heterogeneous 
systems by heteropoly compounds has garnered much interest over the last 50 years.143,145,162–
165 Reactions are most frequently carried out in homogeneous liquid-phase or liquid-liquid 
biphasic systems - although heterogeneous liquid-solid systems are known165 - and can occur 
via two processes: the removal of hydrogen from the target substrate (oxidative 
dehydrogenation) or by catalytic oxo-transfer oxidation (oxygenation). These processes can be 
summarised by Eq. 1.1 and Eq. 1.2 respectively:166     
𝑆𝑢𝑏 + 𝑂𝑋 
𝑃𝑂𝑀𝑐𝑎𝑡.




𝑆𝑢𝑏 + 𝑂𝐷 
𝑃𝑂𝑀𝑐𝑎𝑡
→     𝑆𝑢𝑏𝑂 + 𝐷                                                       (1.2) 
Where: Sub = substrate; OX = oxidant; RED = reduced form of oxidant; and OD = oxygen 
donor.  
A variety of different oxidants have been investigated for use in metal-catalysed processes, 
many of which operate as oxygen donors. The most attractive oxidants generally have a high 
percentage of active oxygen, a high selectivity towards the formation of active species or 
products, are cheap to purchase and have few associated environmental issues. Amongst the 
most desirable oxidants which best suit these criteria are O2 and H2O2; however, the oxidation 
chemistry of these compounds is often complex and difficult to control with regards to metal-
catalysed oxidation processes (see Hill166 for a complete description). Indeed, many of these 
reactions can suffer loss in catalytic activity due to either reversible and/or irreversible µ-oxo 
dimer formation, or the oxidative degradation of organic ligands (commonly prophyrins or 
other macrocycles) which are often required to drive stereochemistry and/or solubilise and 
stabilize the metal catalyst in the reaction medium. Polyoxometalates are viewed as a viable 
substitute for metallo-macrocyclic catalysts in these reactions due to their superior thermal 
stability and resistance to oxidative degradation.116 However, the solvolytic stability of 
polyoxometalates in liquid-phase reactions can be a problem for some reactions and beneficial 
for others. As discussed in Section 1.2.7.3, polyoxometalates in solution can decompose to 
form a variety of lacunary polyanions and mononuclear metallospecies that exist in a series of 
pH-dependent equilibria.  In reactions that use H2O2 as an oxidant, these lacunary species can 
interact with the H2O2 to form peroxo polyoxometalate (or peroxo POM for convenience) 





1.3  Selective Oxidation Reactions with Hydrogen Peroxide 
Oxidation is an important technology for converting organic and inorganic materials into useful 
chemicals with a higher oxidation state. A compound reaches a higher oxidation state through 
the loss of electrons and/or through the addition of oxygen atoms. Examples of oxidation can 
be found in everyday processes around us such as respiration (oxidation of haemoglobin), the 
rusting of metal (production of iron oxide from the reaction of iron with oxygen from the air) 
and the browning of fruit (production of melanins from the oxidation of natural phenols 
catalysed by enzymes).  
In industry, oxidation reactions are used for a variety of applications including the manufacture 
of chemicals, materials, fuels, and the production of key intermediates in the synthesis of drugs. 
The oxidation reactions carried out in these processes are selective oxidations as they target 
specific reactant(s) to produce specific product(s).168–170 
Selective oxidation of compounds requires the use of an oxidizing reagent. Hydrogen peroxide 
is an attractive agent for liquid-phase oxidations.171,172 It is relatively cheap to purchase, it has 
an atom efficiency of 47% in oxidation reactions, and its only by-product is water.173 It has 
been demonstrated as an effective oxidising reagent in a number of reactions including:174 
oxidation of alcohols;175 oxidation of aldehydes to carboxylic acids;176 epoxidation of 
olefins;164 and oxidation of sulfides and sulfoxides (used in oxidative desulfurization 
processes).177 However, the peroxygen atom of H2O2 cannot be transferred to a target reactant 





Scheme 1.4. Routes for activation of hydrogen peroxide.38  
Organic and inorganic peroxides and peroxyacids are amongst some of the most commonly 
used oxidizing reagents for oxidative transformations.179–182 The peroxides/peracids are 
prepared from the reaction of the corresponding organic acids or acid anhydrides,183 or 
inorganic persalts of alkali metals (M2O2) with hydrogen peroxide.
184 However, these can be 
hazardous to handle and produce stoichiometric amounts of acid waste which are both 
economically and environmentally unfriendly.184–188  
An alternative method of activation is to use transition metals as catalysts/activators. Activation 
of the hydrogen peroxide by Fenton chemistry (FeII catalyst) produces oxygen radical species 
which can carry out a range of homogeneous and biphasic oxidation reactions.189,190 Other 
transition metal species react with H2O2 to form active peroxometalate complexes. Scheme 1.5 
gives the synthesis route for the formation of peroxo complexes from the reaction of d0 





Scheme 1.5. Synthesis of peroxo complexes from the reaction of d0 transition metal oxo 
complexes with hydrogen peroxide.38 
 
Vanadium, tungsten, molybdenum and rhenium oxo species react well with hydrogen peroxide 
and their resulting peroxo species are particularly active oxidising agents for a number of 
organic transformations. Their easy and stable interconversion (redox) between oxo and peroxo 
species enables them to establish catalytic systems.38  
The addition of different XOn- ligands (X = SeVI, SVI, AsV, PV, SiIV etc.) can influence oxygen 
transfer activity of the peroxometalate species in epoxidation and sulfoxidation reactions by 
mediation of the Lewis acidity of these groups through choice of the heteroatom.191,192 Through 
use of these ligands, Venturello complexes (e.g. [{W(=O)(O2)2}4(µ-PO4)]
3-) can be formed 
which are particularly effective catalysts in these reactions.167,193–196 Indeed, it is generally 
accepted that Venturello complexes are the main active catalyst species in biphasic oxidation 
reactions with hydrogen peroxide in which heteropolyoxometalates are used as an active 
catalyst precursor.143,164 The operation of these species is outlined in Scheme 1.6. 
Reactions in these systems are typically biphasic, with the target olefin in the organic phase 
and the catalyst and H2O2 reagent in the aqueous phase. Most often, the phase boundary effect 
is overcome through the use of a phase-transfer catalyst,37 which is typically a quaternary 
ammonium cation.164,193,196–202 The mechanism for the operation of polyoxometalate-catalysed 





Scheme 1.6. Schematic representation for the formation of peroxometalate species (Venturello 
complex, [{W(=O)(O2)2}4(µ-PO4)]
3-) from POM precursor (H3PW12O40) and their subsequent 
catalytic activity in oxidation reactions with H2O2.
164    
 
1.3.1 The Venturello-Ishii System for the Phase-Transfer Oxidation of 
Substrates Catalysed by Peroxo Polyoxometalates 
Much work has been done in the area of H2O2 oxidation catalysed by heteropoly 
compounds.143,160,161,164,165 Keggin-type tungsten and molybdenum polyoxometalates in 
particular have proven to be effective in catalysis for the oxidation of various organic 
compounds by H2O2 such as olefin epoxidation, oxidation of thiophenes, alcohols, phenols, 
glycols etc. which are often carried out in homogeneous or liquid-liquid biphasic systems.143 
In these reactions, the polyoxometalates are not actually the catalyst themselves, but are instead 
precursors to monomeric, dimeric and tetrameric catalytically active peroxo-POM intermediate 
species which form as the POMs degrade in the presence of excess H2O2. These peroxo-POM 
species are believed to be the effective catalysts that are formed in two highly efficient systems 
for hydroperoxide oxidation that were developed simultaneously but independently by 
Venturello and Ishii. Venturello et al.167,194,203 investigated the epoxidation of alkenes in a 
DCE-H2O biphasic system with H
+, WO4
2- and PO4
3- catalyst precursors, 15 % H2O2 oxidant 
at 60 oC in the presence of a quaternary ammonium cation phase-transfer catalyst (PTC). From 
this system, a peroxo-POM, {PO4[WO(O2)2]4}
3- (the “Venturello complex”, Fig 1.9), was 




the biphasic oxidation of alkenes (epoxidation of 1-octene with 15 % H2O2 gave remarkable 
stereoselective yield of 89 % cis-epoxycyclooctane) and was presumed to be the active oxygen 
mediator in their initial systems.  
 
Fig. 1.9. Structure of the Venturello complex, {PO4[WO(O2)2]4}
3-.167 
 
Ishii et al.195,196,204–207 focused on the oxidation of various organic substrates with 35 % H2O2 
and H3PW12O40 or H3PMo12O40 catalyst in CHCl3-H2O biphasic systems using cetylpyridinium 
chloride as a phase-transfer agent. The system was shown to effectively catalyse the 
epoxidation of relatively electron-poor terminal alkenes196 and allylic alcohols205 amongst 
other reactions. Later studies by Brégeault,208 using Venturello’s conditions, and Hill,209 using 
Ishii’s conditions, discovered that both systems were in fact effectively identical, with both 
forming catalytically active {PO4[WO(O2)2]4}
3-, both required a PTC to operate, and the only 
difference between the two systems was the choice of catalyst precursors. The Venturello-Ishii 
system, as it later became known, was developed from the research of both groups and is used 
to describe the oxidation of organic substrates by H2O2 in the presence of a POM catalyst 




schematic mechanism for the system is outlined in Scheme 1.7 and has been adapted from the 
mechanism first proposed by Ishii et al.196 for more general applications.     
 
Scheme 1.7. Mechanism of alkene epoxidation with H2O2 catalysed by POM in a two-phase 
system.196 
 
The system is composed of two phases: an organic phase containing the target substrate, and 
an aqueous phase containing the POM catalyst precursor and H2O2 oxidant. In step 1 of the 
reaction, the polyoxometalate decomposes in the presence of excess H2O2 to form a peroxo-
POM species which can facilitate transfer of the active oxygen. The PTC then complexes with 
the active peroxo-POM at the interface and transfers the peroxo-POM into the organic phase 
(2). The active oxygen on the peroxo-POM interacts with the target substrate (3) before reacting 
to give the oxidized product (4) and the reduced oxo peroxo-POM species. The oxo peroxo-




cycle repeats through steps 3-5 until all of the substrate has reacted or until the H2O2 has been 
used up.  
The system was used to describe the epoxidation of olefins by H2O2 catalysed by peroxo-POMs 
under phase-transfer conditions. 
 
1.3.2 Epoxidation of Alkenes Using H2O2 as an Oxidant 
The epoxidation of olefins is an important reaction for both academic and industrial 
applications. The epoxide products are used as raw materials for epoxy resins, surfactants and 
paints, and are key intermediates in organic syntheses (i.e. functionalising hydrocarbons and 
quickly building functionality into molecules, often with good control over selectivity).164,210–
213 Although an extensive number of epoxidation processes are known and have been used for 
these applications, such as the chlorohydrin process and those using organic peroxides and 
peracids,179,180 they often suffer both economic and environmental disadvantages such as high 
cost or produce toxic waste by-products. Instead, catalytic epoxidation with H2O2 is often 
researched as a “greener” alternative (Scheme 1.8).174,214,215  
 
Scheme 1.8. Oxidation of an olefin by H2O2. 
 
Many different transition-metal compounds have been used as catalysts in both homogeneous 
and heterogeneous epoxidations with hydrogen peroxide such as metalloporphyrins,216, 217 
titanosilicates,218 methyltrioxorheneum,219 tungsten compounds194,196 and manganese 




species in these reactions (Scheme 1.5) and their mechanisms have been well investigated, with 
particular focus on peroxomolybdate species.192,221–227 Two mechanisms have been proposed 
to explain the reaction between the olefin and metalperoxo species; both are shown in Scheme 
1.9. The first mechanism, proposed by Mimoun, is a multistep process which proceeds through 
species A-D.225,226 The first step involves coordination of the olefin to the metal centre to yield 
intermediate B. In the second step, the olefin is cyclo-inserted into one of the molybdenum-
peroxo bonds to give molybdo-2,3-dioxolane, C, and in the final step is the cycloextrusion of 
the epoxide product which gives the transition metal oxide which then reacts with more H2O2 
to regenerate the peroxo complex to complete the catalytic cycle.  
 
Scheme 1.9. Schematic representations of the reaction mechanisms suggested by 
Mimoun225,226 (top) and Sharpless228 (bottom). 
 
The alternative mechanism, proposed by Sharpless,228 suggests that a transition state, E, is 




Although there have been decades of controversy over which mechanism is correct, 
computational studies conducted by numerous groups using quantum-chemical calculations 
have concluded that the Sharpless mechanism is most likely the correct mechanism as this 
system requires less activation energy than one which follows the Mimoun 
mechanism.192,221,227 Activation and cleavage of the O–O bond in the transition state of the 
reaction (E) occurs through direct nucleophilic attack of the π(C–C) HOMO of the olefin 
towards the σ*(O–O) LUMO of the peroxo group.221,227 In addition, it was also suggested that 
decomposition of the five-membered metallocyclic intermediate (C) in the Mimoun 
mechanism would not produce an epoxide but instead would lead to the formation of aldehydes 
or ketones.221     
As discussed above, epoxidation with H2O2 can be conducted with polyoxometalates using 
Venturello-Ishii conditions, and these reactions have been reviewed extensively.114,161,163,164,229  
Reactivity with respect to polyoxometalates generally increases with decreasing stability in 
aqueous solution and increasing oxidation potential,114 in line with their ease in forming 
peroxo-POM species in the presence of aqueous H2O2. The PTCs used in these systems are 
typically quaternary ammonium cations.164,193,196-202  
  
1.3.3 Desulfurization of Diesel Fuels 
 
1.3.3.1 Why is Desulfurization of Diesel Fuels Necessary?  
In the modern world, we rely heavily on vehicles driven by combustion of fossil and bio fuels 
to transport our goods and ourselves. Indeed, many of us travel to our places of work using 
vehicles such as cars or busses, which, in many cases, require the combustion of diesel oil fuels 
to operate. These fuels, in their purest forms, are composed of aliphatic and aromatic 




their crude forms, they also contain organosulfur compounds such as thiols, thiophenes and 
sulfides. If these compounds are not removed from the fuels they can corrode pipelines and 
engines, deactivate catalysts in vehicles and oil refining processes, and, when combusted, will 
produce SOx gases (e.g. SO2, sulfates and sulfur trioxide) which are harmful to human health 
and the environment. For instance, SOx can dissolve in atmospheric water vapour to produce 
acid rain (H2SO4) which can damage buildings and crops.
230 
Strict environmental regulations have been put in place by the world’s governing bodies which 
have seen the sulfur content of diesel fuels used in transportation vehicles decrease dramatically 
from 2000 to 10 ppm over the last 20 years.231–233 As stricter environmental legislation 
develops, the requirement of cleaner diesel fuels will impose heavier restrictions on their sulfur 
content; not only will the fuels need to become cleaner, but so too must the technology used to 
produce them.   
The most widely used method for removing sulfur from diesel fuels in petroleum refineries is 
hydrodesulfurization (HDS) which uses hydrogenolysis to cleave C-S bonds to form C-H and 
S-H bonds. Industrial applications of this process commonly use a fixed-bed reactor operated 
at high temperatures (300-400 oC) and pressures (30-130 atm) in the presence of a catalyst, 
typically Co-Mo or Ni-Mo sulfided oxides on an alumina support.234–238 Sulfur is removed 
from the fuel as H2S and converted to elemental sulfur using the Claus process or to sulfuric 
acid using the contact process.234,239,240  
Fig. 1.10 shows the qualitative relationship between the type and size of sulfur molecules in 
various distillate fuel fractions and their relative reactivities in HDS processes. For disulfides, 
sulfides, thiols, and tetrahydrothiophene - sulfur compounds without conjugation between the 
lone pairs on S atom and the π-electrons in an aromatic ring - HDS occurs directly through the 




that of thiophene because they have higher electron density on the S atom and a weaker C–S 
bond. The reactivities of the 1- to 3-ring sulfur compounds decrease in the order of thiophenes 
>benzothiophenes >dibenzothiophenes.241–244 Removal of these heavier, aromatic compounds, 
therefore, requires much more severe reaction conditions,245–247 which can reduce catalyst 
lifetimes, compromise fuel quality by saturation of olefins and loss of octane number, and drive 
up operating and capital costs.248,249 As stricter legislation continues to demand lower sulfur 
content, the removal of heavier aromatic compounds will become imperative and alternative 
techniques to HDS will be required for their removal that are more efficient and cost effective. 
Thus, alternative desulfurization methods have been subject to widespread investigation in 
recent years with the view to operate these in tandem with HDS, or even replace the process 
altogether. These include oxidative desulfurization (ODS),249–253 extraction,254–256 
adsorption257–259 and bio-desulfurization.260–263 Of these processes, ODS appears most 






Fig. 1.10. The qualitative relationship between the type and size of sulfur molecules in various 
distillate fuel fractions and their relative reactivities in HDS processes.244 
 
1.3.3.2 Oxidative Desulfurization 
In this technology, oxidising reagents are used at low temperatures (< 80 oC) and atmospheric 
pressure to add one or two oxygen atoms to the sulfur atoms of heavy sulfur compounds to 




polar and heavier than their parent compounds and so separation from the fuel can be facilitated 
through extraction,264 distillation,182 or adsorption.265 Thus, ODS processes are comprised of 
two stages: i) oxidation, followed by; ii) separation operations. This method is highly efficient 
for removing aromatic organosulfur compounds such as thiols and benzothiophenes, which, as 
previously discussed, are difficult to remove by HDS.250,266 
 
Scheme 1.10. Oxidation of dibenzothiophene to the corresponding sulfone with H2O2. 
 
Many oxidants for ODS have been investigated that include molecular oxygen,267 organic and 
inorganic peroxy acids,181,182 NO2,
268 ozone269 etc.270 However, H2O2 is the most commonly 
used oxidant as it is cheap, its only by-product is water and it has a high amount of active 
oxygen per mass unit.215 Various catalytic systems such as HCOOH, CCl3COOH, 
polyoxometalates, CF3COOH, methyl-trioxorhenium(VII), and titano silicates have been 
investigated in the oxidation of sulfur compounds with H2O2.
270–277 Some of the most efficient 
systems are based on transition metal salts in a high oxidation state with Lewis acidity.266,278–
282 Under these conditions, reaction times can be cut to under 2 h, though, these times are still 
considered too long to be integrated into refinery processes.250 Another problem with these 
systems is that they are biphasic, with the sulfur-containing fuel phase separated from the H2O2-
containing aqueous phase. This can help with catalyst-product separation, but without 
overcoming the phase-barrier problem, the reactions are slow. This problem has often been 
overcome through the application of phase-transfer catalysts (PTCs) to the 




the Venturello-Ishii system for olefin epoxidation (see Section 1.3.1): The transition metal 
catalyst precursors react with hydrogen peroxide in the aqueous layer to form the catalytically 
active peroxo species which then complexes with the PTC. The PTC then facilitates phase 
migration of the active peroxo species for the reaction to take place. Polyoxometalates are often 
used in these systems as a precursor for active transition metal catalyst species,167,285 and 
quaternary ammonium cations are most commonly used as PTC.199–202 However, these systems 
can sometimes suffer from poor catalyst separation from the fuel layer once the reaction has 
reached completion. Many research groups have resolved this problem by heterogenizing the 
catalyst on solid supports such as silica and alumina, though, this can result in lower yields or 





In this work, organoaminocyclotriphosphazenes have been applied as phase-transfer moieties 
for a variety of active POM-based catalysts for use in biphasic oxidations with hydrogen 
peroxide. This section will introduce phosphazenes primarily focussing on the synthesis, 
structures, properties and applications of cyclotriphosphazenes to justify their suitability as 
PTC moieties, in particular, those with organoamino substituent groups. Discussion of other 
classifications of phosphazenes will be added to provide a broader scope where needed. 
 
1.4.2 Introduction 
Phosphazenes (phosphonitriles) are a class of formally unsaturated inorganic-organic materials 




pentavalent and the nitrogen atoms are trivalent which enables bonding between these units or 
other molecules to create phosphazene compounds. These compounds can be classified into 
categories such as monomeric (R3P=NR
’), dimeric, polymeric (NPR2)n, and cyclic (NPR2)n 
phosphazenes. The simplest phosphazenes, monophosphazenes (phosphoranimines) and 
diphosphazenes, consist of only one or two PN units, respectively. Polyphosphazenes and 
cyclophosphazenes, however, are more complex. Their structures are characterised by 
repeating units, -[-R2P=N-]n-, which are linked together through covalent bonds, creating a 
backbone of alternating nitrogen and phosphorus atoms in the structure. Linear 
polyphosphazene derivatives containing up to 15000 repeating units have been reported, 
whereas cyclophosphazenes with ring sizes of between three to forty repeating units are known.  
As the phosphorus atoms are pentavalent and tetracoordinate, two attachment points exist per 
PN unit which enables the addition of pendant groups onto the phosphazene, including 
halogeno, aryl, alkyl, alkoxy, hydroxyl and alkylamino units. The choice of pendant group(s) 
functionalises the phosphazene compounds which, depending on their composition, can exhibit 
properties typically attributed to organic, inorganic and highly polymeric molecular 
compounds as a result (e.g. good resistance to high and low temperatures, biocompatibility, 
radiation resistance, hydrophobicity, hydrophilicity and bioerodibility). Investigation of links 
between properties and structure has led to the design of phosphazenes for specific applications 
such as high performance elastomers, flame retardants,290 polymeric electrolytes,291 
biomedicines,292 catalysts293 and batteries.294   
 
1.4.3 General Properties of Phosphazenes 
Though there are many varieties of phosphazene compounds, the feature that defines them 
collectively is the presence of P-N bonding. The atypical bonding exhibited by these P-N bonds 




following is a summary of some of the most commonly observed properties of phosphazenes 
that has been adapted from Allcock’s “Phosphorus-Nitrogen Compounds”:295 
i) Phosphazene ring and chain structures are thermally and hydrolytically stable 
ii) The P-N bond lengths in phosphazenes are shorter than is expected for purely 
covalent σ-bonds, and the distances in these bonds are often shortened further by 
the presence of more electronegative pendant groups on the phosphorus atoms. 
iii) The bond lengths in the skeletal structure of cyclophosphazenes are usually 
equivalent around the ring unless the pendant groups are unsymmetrical, or one or 
two ring nitrogen atoms are involved in Lewis acid-base pairing. 
iv) Cyclophosphazene rings can be planar or puckered, but either conformation appears 
to have little to no effect on molecular stability. 
v) The ring nitrogen atoms in cyclophosphazenes can function as basic coordination 
sites, and this property is enhanced by the presence of more electron-donating 
pendant groups attached to phosphorus. 
vi) Many reactions with phosphazenes involve nucleophilic attack on the phosphorus 
atoms, removing one of the pendant substituent groups. 
vii) Unlike aromatic systems, the phosphazene skeleton is difficult to reduce 
electrolytically. 
viii) Spectral effects associated with delocalization in organic π-electron systems are not 







Although cyclophosphazenes with between three and forty phosphazene ring units are known, 
cyclotriphosphazenes with their rigid and thermally stable three-membered phosphazene rings  
have found the most success as building blocks for supramolecular assemblies or 
functionalized complexes.296–298 Indeed, they have been found to be excellent 
ligands/surfactants for transition metal ions due to their robust structure and wide range of 
substituents that can be tuned for use as active sites or linkers (vide infra).298,299  
 
1.4.4.1 Structure  
Cyclotriphosphazenes are inorganic heterocyclic compounds with a six-membered ring 
composed of three repeat PN units; each unit consists of a nitrogen atom with an electron lone 
pair and a tetrahedral phosphorus centre with two pendant substituent groups (Fig. 1.11).300 
The majority of cyclotriphosphazenes are planar or close to planar and, unlike organic aromatic 
ring species, moderate puckering has little to no effect on the molecular stability. 301  
 
 
Fig. 1.11. Structure of a cyclotriphosphazene.302–304 
 
The rings are not aromatic; instead they have a zwitterionic structure in which the nitrogen and 
phosphorus atoms are linked through σ-bonding frameworks with ionic bonding 




phosphorus to nitrogen through subsidiary negative hyperconjugation contributions.306  The 
negative hyperconjugation contributions require interaction of the (σ*P-N) and (σ*P-X) orbitals 
with the in-phase and out-of-phase lone pair orbitals, which can be enhanced by increasing the 
electronegativity of the phosphorus pendant groups (X). In phosphazenes with equivalent 
pendant groups (i.e. with formula (NPX2)3) equivalent bond lengths between all of the ring P-
N bonds have been observed, though, these lengths have been reported to change depending 
on the electron withdrawing or donating behaviour of the substituent groups.301,307 
Double bonds are almost always used in schematic diagrams of cyclotriphosphazenes as a relic 
of past (incorrect) bonding theories to keep track of electrons in the structure (Fig 1.12, (1)).301 
A more accurate schematic representation of the structure based on current models is shown in 
Fig. 1.12 (2). However, the double bond scheme will be used in this work to maintain 
consistency with the literature. 
 
Fig. 1.12. Schematic representations of the bonding in cyclotriphosphazenes: (1) valence 
bonding model and (2) zwitterionic model. 
 
1.4.4.2 Synthesis of Cyclophosphazenes 
Many cyclophosphazenes have been reported in the literature. Some are prepared by direct 




precursors. Halogenated cyclophosphazene compounds can be prepared by reacting 
halophosphoranes with ammonium halides, which can be represented by the equation295 
                                            𝑛𝑅2𝑃𝑋3 + 𝑛𝑁𝐻4𝑋 → (𝑁𝑃𝑅2)𝑛 4𝑛𝐻𝑋     
where R can be a halo or organo group and X is a halogen atom (typically Cl or Br). Trimers 
and tetramers usually form in the highest yields in these reactions, though small quantities of 
larger cyclo species and linear species may also be produced. 
By far the most important and heavily investigated halocyclophosphazene is the trimer, 
(NPCl2)3.
308 This is synthesized by reacting ammonium chloride with phosphorus 
pentachloride.309–311 The general scheme for this reaction is312 




→      (𝑃𝑁𝐶𝑙2)𝑛  +  4𝑛𝐻𝐶𝑙 
This compound is important as it often serves as a precursor in the production of many different 
hexa-substituted cyclotriphosphazene species by simple nucleophilic substitution of the 
chlorine groups.  
 
1.4.4.3 Substitution of Pendant Groups (Reactions of Halophosphazenes) 
Halocyclotriphosphazenes are important starting materials for the abundant and diverse 
chemistry of cyclophosphazenes. They are commonly used as precursors for the synthesis of 
more desirable and often more complex compounds, as their stable rings allow the introduction 
of a wide variety of nucleophilic substituents into exocyclic positions at the phosphorus centres 
(Scheme. 1.11).301 In these reactions, incoming nucleophiles supplant the original halo 
substituents (i.e. Cl, F or Br) sequentially through a series of nucleophilic substitutions to 




P-N, P-O, P-S or P-C bonds.301,313,314 These reactions occur smoothly and the spatial 
arrangement of the groups is determined by the size of the substituent group and the size of 
neighbouring substituent groups (with regards to heterosubstituted derivatives).314 
 
Scheme. 1.11. Nucleophilic substitution of halocyclotriphosphazene halide group. 
 
The most widely used halocyclotriphosphazene precursor is P3N3Cl6 due to the amenability of 
its P-Cl bonds to facile synthetic manipulations. Its rigid and highly stable six-membered ring 
provides a D3h symmetrical support for the six exocyclic, P-bonded pendant groups which in 
homo-substituted compounds orient with 3 groups above and three groups below the ring. 
Numerous nucleophilic substitutions of these compounds have been reported over the years 
which include, hydrolysis;309,310,315 aminolysis,316  and reactions with alkoxides, aryloxides and 
thiolates295,317 to list a few. 
Substitution of the halide groups with the appropriate group can also tune the basic properties 
of the cyclotriphosphazene ring.   
 
1.4.4.4 Basicity 
The skeletal nitrogen atoms in cyclophosphazene rings are basic and can be protonated in the 




can be enhanced using electron donating substituent groups on the neighbouring phosphorous 
atoms and, through functionalization with strong nucleophilic substituents (e.g. amines), 
cyclophosphazenes can be strong bases with one or two ring nitrogens able to be protonated to 
yield mono- and dicationic species (Scheme 1.12).   
 
Scheme 1.12. Protonation of the basic ring N sites to yield mono- and dicationic species (R = 
nucleophilic substituent). 
The pKa values for many cyclophosphazenes bearing different substituent groups have been 
measured previously and representative values are given in Table 1.4.318–323  
Chlorocyclotriphosphazenes have very low basic strengths due to the electron withdrawing 
nature of the chloro groups which reduces the availability of the ring nitrogen lone electron 
pairs. The base strength of aryl-, alkoxy- and alkylphosphazenes increases of the order R = CF3 
< Ph < Et in line with the electron donating characteristics of the groups. Aminophosphazenes 
have the highest recorded base strengths which tend to have pKa1 values that are similar to or 
higher than the parent amines.318 Nevertheless, unlike the other types of substituent groups, the 
base strengths of aminophosphazenes cannot be rationalised explicitly by the electron donating 
or withdrawing abilities of the R groups. Instead, a “saturation effect” has been suggested to 
explain the insensitivity of the pKa1 values with respect to subtle electronic differences between 
this type of substituent group, yet the electron releasing powers become more distinguished in 





Table 1.4. pKa values for assorted cyclophosphazenes in nitrobenzene. 
318–323 
Compound pKa1 pKa2 
P3N3Cl6 <-6.0 - 
P3N3(CF3)6 <-6.0 - 
P3N3Ph6 1.50 - 
P3N3Et6 6.40 - 
P3N3(OMe)6 -1.9 - 
P3N3(OPr
i)6 1.4 - 
P3N3(OBu
n)6 0.1 - 
P3N3(OCH2Ph)6 -2.1 - 
P3N3(OPh)6 -5.8 - 
P3N3(SPh)6 -4.8 - 
P3N3(NHMe)6 8.8  ± 0.6 -2.0 ± 0.4 
P3N3(NHEt)6 8.2 3.4 
P3N3(NHBu
n)6 7.9 -1.8 
P3N3(NMe2)6 7.6 -3.3 
P3N3(NEt2)6 8.5 -3.9 
P3N3(NH(C6H11))6 7.9 -1.4 
P3N3Cl3(NC5H10)6 8.4 -3.2 ± 0.4 
P3N3(NMePh)6 3.5 - 
P3N3Cl3(NC5H10)3 (gem) -3.9 - 
P3N3Cl3(NC5H10)3 (trans) -5.3 - 
P3N3Ph3(NMe)3 (gem) 5.7 -5.2 




1.4.4.5 Cyclophosphazene Salts 
Due to the relative basic strengths of cyclotriphosphazenes, many of these compounds have 
been able to form salt-like adducts when reacted with acids. Examples include: hydrohalide 












327 perchlorate salts, [P3N3Cl6]·HClO4, 
[P3N3Cl6]·2HClO4, [P3N3(NHPh)6]·HClO4, and [P3N3Cl4(NHMe)2]·HClO4;
326 and, more 
recently, superacid adducts with the general formula [P3N3Cl6]·HMX4 (M = Al and Ga, and X 
= Cl or Br).328 Hydrohalide, perchlorate and acetate  salts can be synthesized by simply mixing 
the components in non-aqueous media,324–327 whereas synthesis of the superacid salts requires 
inert conditions and minimal exposure to light.328 In all cases, the final products are formed 
through protonation of the cyclophosphazene to give a “phozphazenium” cation and a 
counterion with the general formula [(P3N3R6)H]
+ X- (Fig. 1.13).47,107,331  Protonation of N sites 
in the constituent phosphazenium rings can  be detected in the crystallographic data of the salts 
through elongation of the flanking P-N bonds.328–330,332 
 
Fig. 1.13. Structure of [(P3N3R6)H]
+ X- salts.301 
 
Indeed, a cyclophosphazene-isopolyoxometalate compound, [P3N3(NMe)6H]2
+[Mo6O19
2-], has 




phosphazene ring within the structure.332,333 This compound will be discussed in more detail 
below. 
The cyclophosphazene ring nitrogen atoms can also operate as Lewis bases towards appropriate 
Lewis acids through use of their lone electron pairs to form salts.295,334,335 Lewis acid adducts 
P3N3Cl6·AlCl3 and P3N3Cl6·GaCl3 show dative N-Al and N-Ga bonding between the cyclic N 
sites and the metals in the corresponding crystallographic X-ray data, as well as considerable 
lengthening of the flanking P-N bonds as has been seen in the protonated species mentioned 
above.335  
Acylation and alkylation of organoaminocyclotriphosphazenes, (RNH)6P3N3 (R = n-propyl, 
isobutyl, isopropyl, cyclohexyl, tert-butyl, benzyl), through reaction of the phosphazene with 
alkyl- or acylhaildes results from the formation of N-alkyl and N-acyl bonds at the ring nitrogen 
sites.336 X-ray crystal structures showed that the alkylation and acylation of ring N sites leads 
to substantial elongation of the associated P−N bonds, with bond lengthening more pronounced 
in N-acylated species than in N-alkylated species.     
 
1.4.4.6 Organoaminocyclotriphosphazenes 
These compounds have the general formula P3N3(NHR)6 which will, henceforth, be 
abbreviated to RPN, where R is the corresponding alkyl group of the organoamine substituents. 
 
1.4.4.6.1 Synthesis 
Halocyclotriphosphazenes, such as P3N3Cl6, react with primary or secondary amines 
(aminolysis) to produce amino-substituted phosphazenes (Scheme 1.13). Excess amine is often 




product. The choice of a suitable solvent can ensure that ammonium hydrogen halide is 
removed from the reaction medium through insolubility. This prevents the halide from reacting 
further in the mixture. The synthesis of amino-substituted cyclophosphazenes through the 
aminolysis of halophosphazenes has been reviewed.316   
 
Scheme 1.13. Synthesis of amino-substituted cyclophosphazenes through the aminolysis of 
halophosphazenes. 
 
1.4.4.6.2 Aminocyclophosphazene Supramolecular Structures  
Hexa-substituted organoaminocyclotriphosphazenes are attractive prospects as building blocks 
for supramolecular assemblies337 and multi-site coordination ligands for metallic complexes.338 
These compounds are amphiphilic and their basic ring nitrogen centres can function as proton 
acceptors or hydrogen-bond acceptor sites, whilst the exocyclic amino NH groups (RNH) 
operate as hydrogen-bond donor sites. These interactions allow formation of intermolecular 
NH···N bonds between the neighbouring P3N3(NHR)6 groups, as illustrated in Fig. 1.14.
337 
This results in the formation of amphiphilic bilayers, with the hydrophilic rings and amino 
groups sandwiched between two hemispheres of lipophilic R groups. Subtle variations in the 
shape and size of these R groups alters the topography of the supramolecular networks, as 
evidenced by X-ray determination of their crystallographic structures. Free rotation about the 




possible types of intermolecular H-bonding interactions, ranging from mono (a) to septuple (j) 
H-bridges as shown in Fig. 1.15.337  
 






Fig. 1.15. Schematic representation of H-bridging motifs observed in solid-state structures of 





The crystal structures for a selection of RPNs are presented in Fig. 1.16. Intermolecular NH···N 
interactions are not present in the crystal structure of tBuPN as the steric bulk of the tBu 
substituents hinders the formation of these bonds. In contrast, CyPN forms dimers with c-
bridges between the two units as the less bulky Cy groups can be arranged to reduce steric 
hindrance; the dimers can be packed in different arrangements which results in triclinic or 
monoclinic modifications in the crystal structure. The structure of iPrPN displays hexameric 
ring structures with S6 symmetry held together by six e-bridges.  The smaller size of the iPr 
substituents makes the NH and N sites more available for intermolecular bonding. The crystal 
structure of BzPN is composed of monoclinic and triclinic zig-zag chain polymorphs. The 
BzPN units in these chains are linked via c-bridges. iBuPN also forms a chain structure, 
however, each repeat unit consists of five crystallographically unique molecules connected by 
an alternating g-j-f-h-g bridge pattern. 
In addition to intermolecular NH···N interactions, aryl derivatives such as PhPN displayed 
NH···π interactions in the solid state. The PhPN units arrange in a linear chain with b-bridging 
units and neighbouring chains can interact through NH···π interactions to form layered sheets. 
Presumably, these interactions were not evident in the BzPN structure due to steric hindrance 
of the benzyl group.337 
Organoaminocyclotriphosphazene supramolecular structures, however, are not limited to 
forming intermolecular interactions only with other cyclophosphazene derivatives. As 
discussed above, due to their strong basicity facilitated by electron donation from the exocyclic 
organoamino substituents, one or two ring nitrogen sites can be protonated in the presence of 
strong Brønsted acids, such as HCl, to give phosphazenium mono- and dications (Scheme 
1.12). The cationic species can form salts through coordination with the conjugate base of the 
acid (Fig. 1.13), which readily crystallize upon evaporation of the solvent. The structures of 




ring NH functions. The bonding in RPN salts has been discussed previously,296 and the 
hydrogen bonding modes of the phosphazenium ions towards the conjugate anions in these 
adducts were highlighted and are shown in Fig. 1.17.  
 
 





Fig. 1.17. Schematic hydrogen bonding modes of phosphazenium ions towards anions.296 
 
Monoprotonated RPN, [RPNH]+, has a ring NH site that can bind anions directly with 
monodentate (m) interactions, or through bidentate (q) interactions with support from an 
exocyclic NH group. q-Bonding interactions are particularly favourable with carboxylate 
anions (q’) and these anions can also bridge two neighbouring phosphazenium ions through 
NH···O bonds. Other bidentate interactions (n and o) involve bonding from only the exocyclic 
NH groups. Both mono- and bidentate interactions were seen frequently in structures with 
halides. The tridentate interactions, p, were observed in halides of N,N’-dialkyl phosphazenium 
ions.   
 
1.4.5 Previous Examples of Phosphazene-Polyoxometalate Salt Aggregates    
To our knowledge (that is, both of my supervisors and I) the only RPN-POM salt aggregate in 
the literature reported by another research group was [HP3N3(NMe2)6
+]2[Mo6O19
2-] in 
1972.332,333 The salt was formed by the reaction of P3N3(NMe2)6 with molybdenum trioxide in 




216 oC (also temperature of onset decomposition). It was insoluble in water, 2-butanol, ethyl 
acetate, tetrahydrofuran, carbon tetrachloride, benzene, and hexane. It was slightly soluble in 
boiling ethanol and soluble in dichloromethane, acetone, acetonitrile and nitromethane.  
Bands in the FTIR analysis at 2595 and 2340 cm-1 were assigned to νNH+ modes.  
A broad singlet peak at δ -19.5 ppm (56 Hz wide) in the 31P NMR (referenced to H3PO4) could 
be assigned to the P3N3 P sites, with the suggestion of fast NH proton exchange between the 
ring N sites in solution.  
X-ray structure determination indicated that the unit cell consisted of a polymolybdate dianion 
flanked by two phosphazene cations in an extended arrangement. The proton in each cation 
was situated at a phosphazene ring nitrogen and the resulting N-H bonds were pointed directly 
towards the bridging oxygen atoms in the anions. The position of the cation proton on the ring 
could be determined from a difference Fourier map and elongation of the flanking P-N bonds. 
The average bond lengths in the rings of the phosphazene cations are given in Fig. 1.18. 
 





The arrangement of the ions in the [HP3N3(NMe2)6
+]2[Mo6O19










1.4.6 Suitability as Phase-Transfer Moieties for POM-Catalysed Oxidations 
with Hydrogen Peroxide  
The following points provide a summary of some of the key reasons why RPNs are suitable 
phase-transfer catalyst moieties for POM-catalysed oxidations with H2O2: 
 Organoaminocyclotriphosphazenes are robust and remain stable when exposed to extreme 
conditions such as strongly acidic or basic media and hydrothermal treatment.339,340 
 They are soluble in organic solvents. Their solubility can be tuned by selection of different 
lipophilic R groups on the exocyclic amino substituents.316 
 The strong basicity of their ring nitrogen sites allows them to operate as Brønsted or Lewis 
bases, enabling the introduction of groups to provide additional functionalities.338  
 Addition of a strong Brønsted acid often results in the formation of salt adducts.296  




 A RPN-POM salt aggregate, [HP3N3(NMe2)6+]2[Mo6O192-], has already been synthesized 
previously.332,333 The compound had a high thermal stability (215 oC mp and onset 
temperature for decomposition) and could be solubilized in a range of organic solvents. As 
POM is otherwise insoluble in most organic solvents, this indicates that the coordinated 
RPN cations operated as a ligand/surfactant which solubilised the POM species in the 
organic media, with both component ions remaining intact.   
 Cyclotriphosphazenes have been used as supports for Schiff base moieties for the 
hydroxylation of benzene with hydrogen peroxide at reaction temperatures of up to 80 oC. 
Catalyst reuse in these reactions suggests that both the ring structure and aminopropyl 
substituents used to tether the cyclophosphazene supports to the surface of the solid silica 
support remain intact during the reaction. This suggests cyclotriphosphazenes with 
organoamino substituents are stable under reaction conditions similar to those proposed in 
this work.341 
 PTCs for biphasic oxidations with POMs are often quaternary ammonium salts with long 
chain alkyl groups with one or two shorter chains to make the cation centre more accessible. 
These can be difficult to synthesize. 
 RPNs can be synthesized with long chains positioned above and below the plane of the ring 
which maintains accessibility of cationic ring centre and can potentially improve solubility 
of complexes in solution. In addition, RPNs can provide hydrogen bonding interactions for 
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This chapter will outline the experimental processes that were used in this study on the 
development of RPN-POM catalyst systems for multiphase oxidation reactions with hydrogen 
peroxide. It will begin by discussing the preparation of samples, which includes synthesis of: 
organoaminocyclotriphsphazene (RPN) catalyst phase-transfer moieties; RPN-POM catalysts; 
an RPN-POM reaction intermediate; RPN-POM heterogenization on solid silica supports; 
eutectic RPN mixtures and their salts; and eutectic RPN-POM catalysts. It will then move on 
to describe the techniques that were used to characterise the structure, stability and properties 
of these compounds. Finally, it will conclude by outlining the processes for the reaction studies 
in which the catalysts are used for the epoxidation of olefins and/or oxidative desulfurization 
of a model diesel fuel with H2O2. All materials used were purchased from Sigma-Aldrich, 
Lancaster or Thermo Fischer Scientific. N2 and H2 gasses were supplied by BOC. 
 
2.1 Sample Preparation 
 
2.1.1 Organoaminocyclotriphosphazene Preparation 




Isobutylamine (575 mmol) was added to a stirred solution of hexachlorocyclotriphosphazene 
(28.8 mmol) in toluene (200 mL, dried over KOH pellets) in a 500 mL flask. The mixture, 




completion (monitored with 31P NMR). Aqueous KOH (30%) was added and stirred for 30 min 
before the mixture was transferred into a separating funnel. The organic layer was separated 
and most of the solvent was distilled off. The remaining solvent was removed under vacuum 
to produce a white solid, which was re-crystallised from n-pentane to afford the product in 97 
% yield (15.8 g). m.p.: 60.5 oC; elemental analysis calcd (%) for (iBuPN)6P3N3: C 50.77, H 
10.65, N 22.20; found: C 50.21, H 10.53, N 21.95; FTIR (KBr powder, cm-1): 3217 (N-H); 
2954, 2868 (C-Halkyl), 1466, 1400 (C-Calkyl), 1197, 1089 (P-N); δ
 31P NMR (toluene, CDCl3): 
19.6 ppm (s). 
 
2.1.1.2 Hexa(isopropylamino)cyclotriphosphazene  
Hexa(isopropylamino)cyclotriphosphazene was synthesised from isopropylamine and 
hexachlorocyclotriphosphazene similarly to iBuPN in 87 % yield. m.p.: 76 °C; elemental 
analysis calcd (%) for (iPrNH)6P3N3: C 44.17, H 10.01, N 25.80; found: C 43.15, H 9.82, N 
25.51; FTIR (KBr powder, cm-1): 3212 (N-H), 2962 (C-Hakyl), 1400 (C-Calkyl), 1076 (P-N); δ
 
31P NMR (toluene, CDCl3): 15.1 ppm (s).  
 
2.1.1.3 Hexa(benzylamino)cyclotriphosphazene 
Toluene (200 mL, dried over KOH pellets) was added to hexachlorocyclotriphosphazene (28.8 
mmol) in a 1 L flask followed by triethylamine (358 mmol) and benzylamine (578 mmol). The 
mixture, which formed a white precipitate, was heated at reflux for 24 h until the reaction had 
gone to completion (monitored with 31P NMR). The mixture was cooled to room temperature 
to produce a white precipitate (triethylamine hydrochloride), which was filtered off by suction 
using a Büchner funnel. Filtration was repeated two more times to ensure the precipitate was 




yellow/brown oil. Hexane (200 mL) was added to the oil and stirred for 15 min, resulting in 
the formation of a white precipitate. The hexane was then decanted off and petroleum ether 
(200 mL, b.p. 40-60 °C) was added to the precipitate and heated at reflux for 15 min. The white 
powder was isolated by filtration using a Büchner funnel in 85 % yield (18.94 g). m.p.: 83 °C; 
elemental analysis calcd (%) for (PhCH2NH)6P3N3: C 65.37, H 6.23, N 16.34; found: C 65.17, 
H 6.24, N 16.09; FTIR (KBr powder, cm-1): 3380, 3176 (N-H), 3032 (C-Harom), 2888 (C-Halkyl), 
1602, 1493, 1451 (C-C), 1200 (P-N); δ 31P NMR (toluene, CDCl3): 17.4 ppm (s).  
 
2.1.1.4 Hexa(hexylamino)cyclotriphosphazene 
Toluene (40 mL, dried over KOH pellets) was added to hexachlorocyclotriphosphazene (5.76 
mmol) in a 250 mL flask followed by hexylamine (115 mmol). The mixture, which fumed and 
formed clear crystals, was heated at reflux for 24 h until the reaction had gone to completion 
(monitored with 31P NMR). The mixture was cooled to room temperature and washed twice 
with HCl (2.81 M, 65 mL). The orange/brown solution was stirred for 5 min with 30 wt. % 
KOH (10 mL). Toluene (30 mL) and H2O (30 mL) were stirred with the solution for 2 min then 
separated off. The bulk of the toluene was removed by using a rotary evaporator, leaving an 
orange/brown oil. The oil was heated under vacuum to 70 °C to remove solvent traces. The oil 
was slowly cooled to room temperature to produce an orange wax in 86 % yield (3.64 g). m.p.: 
40 °C; elemental analysis calcd (%) for (C6H13NH)6P3N3: C 58.70, H 11.41, N 17.12; found: 
C 57.9, H 11.40, N 16.70; FTIR (KBr powder, cm-1): 3359 (N-H), 2955, 2927, 2857 (C-Halkyl), 
1465, 1405 (C-Calkyl), 1254, 1093





2.1.2 RPN-POM Preparation 
RPN-POM aggregates were obtained by dissolving heteropoly acid hydrates (0.1 mmol) and 
phosphazenes (0.3 – 0.6 mmol) in methanol at 40 oC. The salt aggregates crystallised upon 
slow evaporation of the solvent at room temperature and were isolated by filtration using a 
Büchner funnel.  
Samples detailed in this section were synthesized and isolated prior to this study. Analysis of 
6:1 [RPN]/[POM] samples will be included as they are believed to closely resemble assemblies 
formed in situ in biphasic systems in the absence of H2O2. 
 
2.1.2.1 BzPN-PW 
Elemental analysis calcd (%) for (BzPN)6-PW: C 40.23, H 3.91, N 10.06, W 29.37, P 7.42; 
found: C 37.12, H 3.55, N 9.25, W 27.65, P 8.40; FTIR, cm-1: 3570 (N-H), 2978 (C-Halkyl), 
1547 (C-Carom), 1392, 1258 (C-Calkyl), 1188 (P-N), 1072 (P-O), 944 (W=O), 795, 636 (W-O-
Wbridge): δ 
31P NMR (CDCl3): 14.3 ppm (s, br, [BzPNH]
+). -10.5 (s, br, PW); UV/vis, λmax (nm): 
260 (W-O); TGA: -33.6 % wt. (100-550 oC). 
 
2.1.2.2 iBuPN-PW 
Elemental analysis calcd (%) for (iBuPN)6-PW: C 27.46, H 5.82, N 12.02, W 35.37, P 8.87; 
found: C 22.39, H 4.98, N 6.28, W 17.56, P 4.44; FTIR, cm-1: 3300 (N-H), 2970 (C-Halkyl), 
1385 (C-Calkyl), 1138 (P-N), 1045 (P-O), 945 (W=O), 894, 783 (W-O-Wbridge); δ 
31P NMR 
(CDCl3): 10.3 ppm (m, br, [iBuPNH]
+). -10.5 (s, br); UV/vis, λmax (nm): 263.9 (W-O); TGA: -






Elemental analysis calcd (%) for (iBuPN)6-PW: C 22.40, H 5.08, N 13.07, W 38.16, P 9.64; 
found: C 20.72, H 4.61, N 12.23, W 29.01, P 8.04; FTIR, cm-1: 3210 (N-H), 2970 (C-Halkyl), 
1384, 1254 (C-Calkyl), 1138 (P-N), 1045 (P-O), 941 (W=O), 894, 810 (W-O-Wbridge); δ 
31P 
NMR (CDCl3): 9.7 ppm (m, br, [iPrPNH]
+). -11 (s, br); UV/vis, λmax (nm): 263.9 (W-O): TGA: 
-26.4 % wt. (150-575 oC). 
  
2.1.3 Preparation of Intermediate [W(O2)4](iBuPNH)2 
H2WO4 (1.00 mmol) was dissolved in 30 % w/v H2O2 (0.167 mol) and stirred for 20 min at 60 
°C. The solution was then allowed to cool to room temperature and iBuPN (3.00 mmol) in 
toluene (5 mL) was added and stirred at room temperature for a further 10 min. A white/yellow 
powder precipitated out of the mixture, which was filtered under low pressure and washed with 
toluene to obtain the product in 92 % yield (1.99 g). M.p.: 82 °C; FTIR (KBr powder, cm-1): 
3275 (N-H), 2955 (CH3), 2872 (CH2), 1470 (C-C), 1082 (P-N), 821 (νsym (O-O)), (νsym W-
(O2)); δ
 31P NMR (CDCl3 solvent and lock): 15.3 ppm (s, P-iBuPN). 
 
2.1.4 Preparation of POM/RPN-SiO2 
 
2.1.4.1 Preparation of RPN-SiO2 
Hypersil APS-2 (2 g, 0.8 mmol aminopropyl groups), dry toluene (40 mL), 
hexachlorocyclotriphosphazene (P3N3Cl6) (0.8 mmol) and triethylamine (20 mmol) were added 
to a 250 mL two-neck round bottomed flask equipped with a magnetic stirring bar, a reflux 
condenser and a bubbler. The flask was flushed through with nitrogen at ambient temperature 




for 24 h. Then the mixture was left to cool to room temperature. Nitrogen flow was stopped, 
the bubbler was removed and primary amine RNH2 (R= benzyl (Bz), iso-butyl (iBu) or iso-
propyl (iPr), 8 mmol) in dry toluene (10 mL) was added to the mixture. This was then heated 
to reflux (120 oC) with stirring and left for 24 h. The mixture (faint yellow/brown coloured) 
was then cooled to room temperature forming clear crystals and a yellow/brown powder. The 
mixture was then filtered and washed with toluene under low pressure to produce a mix of 
white powder/white crystals. These were transferred to a beaker with methanol (20 mL); the 
resulting creamy/white precipitate was stirred for 10 min and then filtered and washed with 
methanol under low pressure to give a white powder. The powder was stirred with aqueous 
KOH (30 mL, 10% w/v) for 5 min, filtered under low pressure, washed with distilled H2O and 
dried under vacuum in a desiccator. 
 
2.1.4.2 iBuPN-Modified Hypersil APS-2 (iBuPN-SiO2)  
Elemental analysis calcd (%) for 0.12 mmol g-1 loading of iBuPN: C 3.13, N 1.55, P 1.16; 
found: C 3.69, N 1.87, P 1.15; FTIR (KBr powder, Hypersil APS-2 background, cm-1): 3335 
(N-H), 2963, 2876 (C-Halkyl), 1466, 1406 (C-Calkyl), 1114 (P-N); δ 
31P DE (Direct-Excitation 
with 1H high power decoupling) NMR (161.9 MHz, 12 kHz MAS (Magic Angle Spinning)): 
(R’/R” = Pr or iBu), 18 and 14 ppm {P(NHR’)NHR”}, 9 and 4 ppm {P(=O)NHR’}, -3 ppm 
(PO2); δ 
29Si CP (Cross-Polarization) NMR (79.4 MHz, 10 kHz MAS): -59 ppm (T2), -67 ppm 
(T3), -102 ppm (Q3), -111 ppm (Q4); δ 13C CP NMR (100.5 MHz, 10 kHz MAS): 49, 30 and 
19 ppm (iBuNH), 43, 25 and 10 ppm (PrNH); iBuPN loading was found to be 0.12 mmol g-1 





2.1.4.3 BzPN-Modified Hypersil APS-2 (BzPN-SiO2)  
Elemental analysis calcd (%) for 0.14 mmol g-1 loading of BzPN: C 5.71, N 1.76, P 1.30; found: 
C 5.58, N 1.88, P 1.32. FTIR (KBr powder, Hypersil APS-2 background, cm-1): 3403 (N-H), 
3248 (N-H broad), 3028 (C-Harom), 2849 (C-Halkyl), 1664, 1496 (C-C), 1448
 (C-Calkyl), 1274, 
1107 (P-N), 878 (P-O), 731, 699 (C-Harom); δ 
31P DE NMR (161.9 MHz, 12 kHz MAS): (R’/R” 
= Pr or Bz),  19 and 14 ppm {P(NHR’)NHR”}, 5 ppm {P(=O)NHR’}, -3 ppm (PO2); δ 
29Si CP 
NMR (79.4 MHz, 10 kHz MAS): -59 ppm (T2), -67 ppm (T3), -102 ppm (Q3), -111 ppm (Q4); 
δ 13C CP NMR (100.5 MHz, 14 kHz MAS): 142, 128 and 45 ppm (BzNH), 43, 25 and 10 ppm 
(PrNH); BzPN loading was found to be 0.14 mmol g-1 determined by P content from ICP 
analysis.  
 
2.1.4.4 iPrPN-Modified Hypersil APS-2 (iPrPN-SiO2)  
Elemental analysis calcd (%) for 0.14 mmol g-1 loading of iPrPN: C 3.02, N 1.76, P 1.30; found: 
C 3.17, N 1.73, P 1.29. FTIR (KBr powder, Hypersil APS-2 background, cm-1): 3333 (N-H), 
3225 (N-H broad), 2971, 2880 (C-Halkyl), 1466, 1409 (C-Calkyl), 1310 (P-N). 896 (P-O), 718, 
650, 626; δ 31P DE NMR (161.9 MHz, 12 kHz MAS): (R’/R” = Pr or iPr),  18 and 12 ppm 
{P(NHR’)NHR”), 5 ppm {P(=O)R’}, -2 ppm (PO2); δ 
29Si CP NMR (79.4 MHz, 10 kHz MAS): 
-59 ppm (T2), -67 ppm (T3), -102 ppm (Q3), -111 ppm (Q4); δ 13C CP NMR (100.5 MHz, 10 
kHz MAS): 43 and 24 ppm (iPrNH), 43, 25 and 10 ppm (PrNH); iPrPN loading was found to 
be 0.14 mmol g-1 determined by P content from ICP analysis.  
 
2.1.4.5 Preparation of PMo/BzPN-SiO2 
H3PMo12O40 (0.0332 g, 0.014 mmol), BzPN-SiO2 (0.1 g, 0.014 mmol surface BzPN groups), 




pressure for 30 min. The product, a yellow powder, was then filtered under low pressure and 
washed with heptane. The powder was dried under vacuum overnight; it gradually turned 
yellow-green. Elemental analysis calcd (%) for [PMo]/[BzPN] = 1:1 mol/mol loading: C 4.55 
and N 1.41; found: C 4.37, N 1.55.  FTIR (KBr powder, Hypersil APS-2 background, cm-1): 
3577 (N-H), 3346 (N-H), 1408 (C-C), 1328 (P-N), 1099 (P-O), 965 (Mo=O), 874, 818 (Mo-
O-Mobridge); δ 
31P DE NMR (161.9 MHz, 12 kHz MAS): (R’/R” = Pr or Bz), 11 ppm 
{P(NHR’)NHR”), -3.7 and -4.4 ppm (PMo); δ 29Si CP NMR (79.4 MHz, 10 kHz MAS): -59 
ppm (T2), -67 ppm (T3), -102 ppm (Q3), -111 ppm (Q4); δ 13C CP NMR (100.5 MHz, 14 kHz 
MAS): 140, 128 and 45 ppm (BzNH), 43, 25 and 10 ppm (PrNH). 
 
2.1.5 Preparation of Eutectic RPN-POMs 
Synthesis of, and data collection for, samples in this section was done by Rebekah Upton 
(masters student) under the supervision of Dr A. Steiner and I. Analysis and discussion of the 
data in this manuscript is my own work.  
 
2.1.5.1 Preparation of Eutectic RPNs 
Hexachlorocyclotriphosphazene (5.75 mmol) was added to a 250 mL two-necked round 
bottomed flask equipped with a Schlenk line, a septum cap on one neck, a reflux condenser, 
oil bath, and a hot plate with a thermoregulator and magnetic stirrer. The flask was flushed 
with nitrogen to create an inert atmosphere. Dry toluene (100 mL) was injected into the flask 
and stirred to dissolve hexachlorocyclotriphosphazene. Amines (2 or 3 different amines) - dried 
over molecular sieves and pre-mixed in a vial prior to addition - were injected into the flask. 
The reaction mixture was stirred and heated to reflux under a N2 atmosphere for 24 hours. After 
24 hours, the mixture was filtered under vacuum. The filtrate was worked-up in a separation 




wash, and one distilled water wash. The organic layer was then stirred for 30 minutes at ambient 
conditions over ground KOH pellets, separated by decantation and the solvent was removed 
using a rotary evaporator to yield the final product. Carbons and hydrogens have been assigned 
for each R group as illustrated below: 
 
 
Scheme 2.1. Carbon and hydrogen assignments for RPN R groups. 
 
2.1.5.1.1 HexBzPN 
Pale yellow liquid/wax; 3.45 g, 84.35%; elemental analysis calcd (%): C 60.74, H 8.50, N 
17.71; found: C 61.09, H 8.74, N 16.34; FTIR (cm-1): 3400 (N-H),  3208 (N-H broad), 3063, 
3029 (C-Harom), 2955, 2926 2856 (C-Halkyl), 1597, 1552, 1495
 (C=Carom), 1453, 1400 (C-Calkyl) 





NMR (400 MHz, CDCl3): 7.27 (m, BzNH), 4.14 (s, CH2 BzNH), 4.11 (s,  NH HexNH/BzNH), 
2.89 (s, CH2; C1 HexNH), 1.44 (s, CH2; C2 HexNH), 1.25 (t, CH2; C3, C4, C5 HexNH), 0.85 
(m, CH3, HexNH); m/z (A= HexNH, B= BzNH): 736.6 (1.2%, M+H
+, A6), 742.6 (16, M+H
+, 
A5B), 748.5 (75, M+H
+, A4B2), 754.5 (100, M+H
+, A3B3), 760.4 (41, M+H
+, A2B4), 766.4 (5, 
M+H+, AB5), 772.3 (0.5, M+H
+, B6).   
 
2.1.5.1.2  HexCyPN 
Pale yellow liquid; 4.11 g, 97.86%; elemental analysis calcd (%): C 59.23, H 10.77, N 17.27; 
found: C 59.17, H 11.42, N 16.99; FTIR (cm-1): 3500 (N-H), 3177 (N-H broad), 2956, 2923, 
2854 (C-Halkyl), 1466, 1400, (C-Calkyl), 1165, 1088, 1050 (P-N), 998, 888, 856, 772, 723; δ 
31P 
NMR (162 MHz, CDCl3): 18.11 (m), 16.70 (m); δ 
1H NMR (400 MHz, CDCl3): 3.06 (s, NH 
HexNH/CyNH), 2.86 (m, CH CyNH/ CH2; C1 HexNH), 2.03 (m, CH2; C2 HexNH), 1.68/1.46 
(m, CH2; C2, C4, C6 CyNH), 1.27 (m, CH2; C3, C4, C5 HexNH/ C3, C5 CyNH), 0.87 (t, CH3 
HexNH); m/z (A= CyNH, B= HexNH): 728.5 (1%, M+H+, A4B2), 730.6 (7, M+H
+, A3B3), 
732.6 (53.5, M+H+, A2B4), 734.6 (100, M+H
+, AB5), 736.6 (29, M+H
+, B6). 
 
2.1.5.1.3  CyBzPN 
Pale yellow liquid; 3.84 g, 94.58%; elemental analysis calcd (%): C 61.26, H 7.71, N 17.86; 
found: C 64.18, H 7.08, N 16.53; FTIR (cm-1): 3384 (N-H), 3180 (N-H broad), 3062, 3027 (C-
Harom), 2925, 2950, 2850 (C-Halkyl), 1604, 1494 (C-Carom), 1451, 1402, (C-Calkyl), 1179, 1090, 
1065, 1027 (P-N), 903, 776, 723, 693; δ 31P NMR (162 MHz, CDCl3): 17.90 (m), 16.48 (m); δ 
1H NMR (400 MHz, CDCl3): 7.21 (m, BzNH), 4.06 (m, CH2 BzNH), 3.87 (s, NH; BzNH), 3.08 
(m, NH; CyNH), 2.40 (m, CH CyNH), 1.87 (s, CH2; C2, C6; CyNH), 1.55 (m, CH2; C2, C4, 





A5B), 740.5 (2, M+H
+, A4B2), 748.4 (13, M+H
+, A3B3), 756.4 (72, M+H
+, A2B4), 764.3 (100, 
M+H+, AB5), 772.3 (24, M+H
+, B6). 
 
2.1.5.1.4  HexBzCyPN 
Yellow liquid; 3.27 g, 79.37%; elemental analysis calcd (%): C 60.40, H 9.01, N 17.61; found: 
C 62.21, H 9.36, N 16.62; FTIR (cm-1): 3384 (N-H), 3209 (N-H broad), 3063, 3028 (C-Harom), 
2955, 2924, 2853 (C-Halkyl), 1494, (C-Carom), 1452, 1397 (C-Calkyl) 1179, 1089, 1028 (P-N), 
902, 843, 779, 728, 696; δ 31P NMR (162 MHz, CDCl3): 18.18 (m), 16.60 (m); δ 
1H NMR (400 
MHz, CDCl3): 7.29 (m, BzNH), 4.15 (m, CH2, BzNH), 3.08br (s, NH), 2.88br (s, CH2; C1 
HexNH), 2.46 (m, CH, CyNH), 2.05 (m, CH2; C2, C6 CyNH), 1.66 (m, CH2; C2 HexNH), 1.44 
(m, CH2; C2, C4, C6 CyNH), 1.27 (t, CH2; C3, C4, C5 HexNH/ CH2; C3, C5 CyNH), 1.10 (m, 
CH2; C3, C5 CyNH), 0.87 (t, CH3 HexNH); m/z (A= CyNH, B= HexNH, C= BzNH): 724.5 
(0.1%, M+H+ - A6), 726.9 (1, M+H
+, A5B), 729.5 (1, M+H
+, A4B2), 730.6 (2, M+H
+, A3B3), 
732.6 (7, M+H+, A2B4/ A5C), 734.6 (14, M+H
+, A4BC/ AB5), 736.6 (12, M+H
+, A3B2C/B6), 
738.5 (15, M+H+, A2B3C), 740.5 (74, M+H
+, A4C2/AB4C), 742.5 (52, M+H
+, A3BC2/B5C), 
744.5 (22.5, M+H+, A2B2C2), 746.5 (97, M+H
+, AB3C2), 748.5 (100, M+H
+, A3C3/ B4C2), 
749.5 (24, M+H+, A2BC3), 752.4 (42.5, M+H
+, AB2C3), 754.4 (78, M+H
+, B3C3), 766.4 (5, 
M+H+, BC5), 772.4 (0.1, M+H
+, C6). 
 
2.1.5.1.5  HexiBuPN 
Pale yellow liquid; 3.35 g, 89.33%; elemental analysis calcd (%): C 55.27, H 11.13, N 19.34; 
found: C 56.57, H 11.22, N 18.43; FTIR (cm-1): 3400 (N-H), 3209 (N-H broad), 2955, 2925, 
2856 (C-Halkyl), 1466, 1397 (C-Calkyl), 1182, 1100, 1050 (P-N); δ 
31P NMR (162 MHz, CDCl3): 




2.07br (d, NH), 1.68 (m, CH, iBuNH), 1.46 (m, CH2; C2 HexNH), 1.27br (m, CH2; C3, 4, 5 
HexNH), 0.88 (m, CH3, HexNH/iBuNH); m/z (A= iBuNH, B= HexNH): 568.4 (2.2%, M+H
+, 
A6), 596.4 (25, M+H
+, A5B), 624.5 (73, M+H
+, A4B2), 652.5 (100, M+H
+, A3B3), 680.5 (67, 
M+H+, A2B4), 708.6 (21, M+H
+, AB5), 736.6 (3, M+H
+, B6).  
 
2.1.5.1.6  HexBuPN 
Pale yellow liquid; 3.69 g, 98.40%; elemental analysis calcd (%): C 55.27, H 11.13, N 19.34; 
found: C 55.35, H 11.15, N 18.69; FTIR (cm-1): 3200 (N-H broad), 2950, 2900, 2800 (C-Halkyl), 
1465, 1399 (C-Calkyl), 1200, 1125, 1085 (P-N), 951, 775, 727; δ 
31P NMR (162 MHz, CDCl3): 
18.37br (s); δ 1H NMR (400 MHz, CDCl3): 2.87 (m, CH2; C1 HexNH/BuNH), 2.02 (s, NH), 
1.44 (m, CH2; C2 HexNH/BuNH), 1.28 (m, CH2; C3,4,5 HexNH), 0.86 (m, CH3 
HexNH/BuNH); m/z (A= iBuNH, B= HexNH): 569.4 (5%, M+, A6), 596.5 (26, M
+, A5B), 
624.5 (74, M+, A4B2), 652.5 (100, M
+, A3B3), 680.6 (65, M
+, A2B4), 708.6 (20, M
+, AB5), 736.6 
(4, M+, B6).  
 
2.1.5.1.7  iBuBuPN 
Colourless liquid; 2.49 g, 76.15%; elemental analysis calcd (%): C 50.77, H 10.65, N 22.20; 
found: C 51.53, H 10.66, N 21.50; FTIR (cm-1): 3400 (N-H),  3210 (N-H broad), 2955, 2929, 
2868 (C-Halkyl), 1465, 1398, (C-Calkyl), 1182, 1118, 1083 (P-N), 951, 770, 729; δ 
31P NMR (162 
MHz, CDCl3): 18.57 (m); δ 
1H NMR (400 MHz, CDCl3): 2.82/2.63 (s, NH iBuNH/BuNH), 
2.05/1.96 (s,  CH2; C1 iBuNH/ CH2; C1 BuNH), 1.62 (hept, CH iBuNH), 1.39 (m, CH2; C2 
BuNH), 1.27 (m, CH2; C3 BuNH), 0.83 (m,  CH3 iBuNH/BuNH); m/z (A= iBuNH/BuNH): 
568.4 (100%, M+H+, A6), 569.4 (M+2H





2.1.5.1.8  HexiBuBuPN 
Pale yellow liquid; 3.18 g, 88.58%; elemental analysis calcd (%): C 53.91, H 10.99, N 20.21; 
found: C 53.14, H 10.76, N 20.49; FTIR (cm-1): 3400 (N-H), 3208 (N-H broad), 2955, 2926, 
2858 (C-Halkyl), 1465, 1398 (C-Calkyl), 1182, 1120, 1087 (P-N), 951, 905, 772, 728; δ 
31P NMR 
(162 MHz, CDCl3): 18.42 (m); δ 
1H NMR (400 MHz, CDCl3): 2.88 (m, CH2; C1 HexNH/ CH2; 
C1 BuNH), 2.70 (m, CH2 iBuNH), 2.12 (s, NH HexNH), 2.03 (3, NH iBuNH/BuNH), 1.69 
(hept, CH iBuNH), 1.46 (m, CH2; C2 HexNH/BuNH), 1.27 (m, CH2; C3, C4, C5 HexNH, C3 
BuNH), 0.90 (m, CH3 HexNH/iBuNH/BuNH); m/z (A= iBuNH/BuNH, B= HexNH): 568.4 
(6%, M+H+, A6), 596.4 (75, M+H
+, A5B), 624.5 (100, M+H
+, A4B2), 652.5 (57, M+H
+, A3B3), 
680.5 (15, M+H+, A2B4), 708.6 (2, M+H
+, AB5).  
 
2.1.5.2 Preparation of Eutectic RPN-Cl and Eutectic RPN-NO3 IL  
Eutectic RPN-X IL prepared in 1:1 stoichiometric ratio [X]/[RPN] (where X = Cl- or NO3
-) 
based on ionic charges assuming monocationic RPN species were formed in situ. A solution of 
RPN (0.685 mmol) in dichloromethane (10 mL) was first prepared which was then combined 
with HCl(aq) or HNO3(aq) (0.685 mmol) in a flask. The resulting mixture was stirred for 2 hours 
(20.5 ℃). Distilled water (10 mL) was then added and the layers were separated using a 
separating funnel. The organic layer was then rotary evaporated off to give the final product. 
 
2.1.5.2.1  Eutectic RPN-HCl 
 
2.1.5.2.1.1 HexBzPN-Cl 
White wax; 0.47 g, 90 %; m.p. 60-64 oC; elemental analysis calcd (%): C 57.78, H 8.22, N 




2956, 2928, 2857 (C-Halkyl), 2649 (N-H
+), 1605, 1496 (C-Carom), 1453, 1428 (C-Calkyl), 1236, 
1191 1093, 1070 (P-N), 1028, 906,780, 726, 696 (Cl); δ 31P NMR (162 MHz, CDCl3): 13.65 
(m); δ 1H NMR (400 MHz, CDCl3): 7.27 (m, BzNH), 4.08 (m, CH2 BzNH), 3.54br (s, NH 
HexNH/BzNH), 2.84 (m, CH2; C1 HexNH), 1.43 (m, CH2; C2 HexNH), 1.24 (t, CH2; C3, C4, 
C5 HexNH), 0.85 (m, CH3, HexNH). 
 
2.1.5.2.1.2 HexCyPN-Cl 
White wax; 0.49 g, 94 %; m.p. 64-68 oC; elemental analysis calcd (%): C 56.41, H 10.39, N 
16.45; found: C 55.33, H 10.77, N 15.98; FTIR (cm-1): 3203 (N-H broad), 2957, 2925, 2854 
(C-Halkyl), 2661 (N-H
+), 1448, 1378 (C-Calkyl), 1239, 1394, 1094 (P-N), 905, 775, 723, 700s 
(Cl); δ 31P NMR (162 MHz, CDCl3): 12.59 (m); δ 
1H NMR (400 MHz, CDCl3): 3.04 (s, NH 
HexNH/CyNH), 2.90 (s, CH CyNH/ CH2; C1 HexNH), 1.95/1.70/1.51 (m, CH2; C2 HexNH/ 




Cream wax; 0.25 g, 78 %; m.p. 48-52 oC; elemental analysis calcd (%): C 58.25, H 7.47, N 
16.98; found: C 59.59, H 6.68, N 15.51; FTIR (cm-1): 3369 (N-H), 3186 (N-H broad), 3061, 
3029 (C-Harom), 2927, 2852 (C-Halkyl), 2636 (N-H
+), 1605, 1496 (C-Carom), 1452, 1410, (C-
Calkyl), 1236, 1198, 1092, 1069 (P-N), 1027, 912, 779, 727, 694; δ 
31P NMR (162 MHz, CDCl3): 
12.47 (m); δ 1H NMR (400 MHz, CDCl3): 7.26 (m, BzNH), 4.00 (s, CH2 BzNH), 3.73 (s, NH; 
BzNH), 2.99 (s, NH; CyNH), 2.36 (s, CH CyNH) 1.85 (s, CH2; C2, C6; CyNH), 1.50 (d, CH2; 






White wax; 0.45 g, 87 %; m.p. 55-60 oC; elemental analysis calcd (%): C 57.47, H 8.71, N 
16.76; found: C 58.11, H 8.91, N 15.79; FTIR (cm-1): 3205 (N-H), 3062, 3031 (C-Harom), 2955, 
2927, 2856 (C-Halkyl), 2650 (N-H
+), 1606, 1496 (C-Carom), 1455, 1428, (C-Calkyl), 1236, 1198, 
1093, 1070 (P-N), 1028, 907, 780, 726, 695; δ 31P NMR (162 MHz, CDCl3):  12.47 (m); δ 
1H 
NMR (400 MHz, CDCl3): 7.27 (m, BzNH), 4.45br (s, NH BzNH) 4.08 (d, CH2 BzNH), 3.71br 
(s, NH HexNH/CyNH), 2.85 (m, CH CyNH/ CH2; C1 HexNH), 1.90 (s, CH2; C2, C6; CyNH), 
1.67 (s, CH2; C2 HexNH), 1.49 (m, CH2; C2, C4, C6 CyNH), 1.27 (m, CH2; C3, C4, C5 
HexNH/ CH2; C3, C5 CyNH), 0.85 (m, CH3 HexNH). 
 
2.1.5.2.1.5 HexiBuPN-Cl 
Colourless wax; 0.48 g, 92 %; m.p. 54-58 oC; elemental analysis calcd (%): C 52.35, H 10.69, 
N 18.31; found: C 52.31, H 10.63, N 17.55; FTIR (cm-1): 3204 (N-H broad), 2956, 2927, 2859 
(C-Halkyl), 2718 (N-H
+), 1466, 1422, (C-Calkyl), 1244, 1200, 1090 (P-N), 915, 773; δ 
31P NMR 
(162 MHz, CDCl3): 12.58 (m); δ 
1H NMR (400 MHz, CDCl3): 3.70br (s, NH HexNH/iBuNH), 
2.90 (s, CH2; C1 HexNH), 2.73 (s, CH2 iBuNH), 1.71 (m, CH iBuNH), 1.51 (m, CH2; C2 
HexNH), 1.28 (m, CH2; C3, C4, C5 HexNH), 0.91 (m, CH3 HexNH/iBuNH). 
 
2.1.5.2.1.6 HexBuPN-Cl 
White solid; 0.43 g, 83%; m.p. 73-76 oC; elemental analysis calcd (%): C 52.35, H 10.69, N 
18.31; found: C 51.78, H 10.53, N 17.27; FTIR (cm-1): 3212 (N-H broad), 2957, 2927, 2858 
(C-Halkyl), 2650 (N-H
+), 1430 (C-Calkyl), 1236, 1195, 1118 1097 (P-N), 913, 816, 775, 725; δ 
31P NMR (162 MHz, CDCl3): 13.20 (d); δ 
1H NMR (400 MHz, CDCl3): 3.71br (s, NH 
HexNH/BuNH), 2.91 (s, CH2; C1 HexNH/ CH2; C1 BuNH), 1.51 (s, CH2; C2 HexNH/ CH2; 





White solid; 0.50 g, 94 %; m.p. 142-144 ℃; elemental analysis calcd (%): C 47.71, H 10.18, N 
20.86; found: C 42.00, H 8.93, N 18.28; FTIR (cm-1): 3204 (N-H broad), 2956, 2931, 2869 (C-
Halkyl), 2717 (N-H
+) 1464, 1420 (C-Calkyl), 1243, 1199, 1087 (P-N), 915, 770; δ 
31P NMR (162 
MHz, CDCl3): 13.42 (d); δ 
1H NMR (400 MHz, CDCl3): 3.71br (s, NH iBuNH/BuNH), 
2.92/2.73 (s, CH2; C1 iBuNH/ CH2; C1 BuNH), 1.73 (m, CH iBuNH), 1.50 (m, CH2; C2 
BuNH), 1.33 (m, CH2; C3 BuNH), 0.93 (m, CH3 iBuNH/BuNH). 
 
2.1.5.2.1.8 HexiBuBuPN-Cl 
Colourless wax; 0.48 g, 91 %; m.p. 58-64 ℃; elemental analysis calcd (%): C 50.93, H 10.53, 
N 19.09; found: C 50.42, H 10.48, N 18.81; FTIR (cm-1): 3198 (N-H broad), 2956, 2929, 2861 
(C-Halkyl), 2718 (N-H
+), 1417 (C-Calkyl), 1244, 1198, 1090 (P-N), 913, 772, 725; δ 
31P NMR 
(162 MHz, CDCl3): 13.08 (m); δ 
1H NMR (400 MHz, CDCl3): 2.91 (s, CH2; C1 HexNH/ CH2; 
C1 iBuNH/ CH2; C1 BuNH), 2.73 (s, NH HexNH, iBuNH, BuNH), 1.73 (m, CH iBuNH), 1.51 
(m, CH2; C2 HexNH/ CH2; C2 BuNH), 1.28 (m, CH2; C3, C4, C5 HexNH/ CH2; C3 BuNH), 
0.93 (m, CH3 HexNH/iBuNH/BuNH). 
 
2.1.5.2.1.9 HexPN-Cl 
White solid; 0.48 g, 92 %; m.p. 106-109 oC; FTIR (cm-1): 3366 (N-H), 3168 (N-H broad), 2958, 
2926, 2857 (C-Halkyl), 2708 (N-H
+), 1466, 1434, 1378 (C-Calkyl), 1243, 1122, 1095 (P-N), 937, 
778, 724; δ 31P NMR (162 MHz, CDCl3): 13.89 (m); δ 
1H NMR (400 MHz, CDCl3): 3.49 (s, 





2.1.5.2.1.10  BzPN-Cl 
Cream solid; 0.99 g, 94 %; m.p. 128-130 C; elemental analysis calcd (%): C 62.41, H 6.07, N 
15.60; found: C 62.38, H 6.12, N 15.67; FTIR (cm-1): 3400 (N-H), 3200 (N-H broad), 3100, 
3050, 3000 (C-Harom), 2900, 2850, 2800 (C-Halkyl), 1600, 1500 (C-Carom), 1200, 1100, 1050 (P-
N), 700; δ P (162 MHz, CDCl3) 13.63 (s); δ H (400 MHz, CDCl3): 7.22 (m, Ar H), 4.03 (s, CH2), 
3.33br (s, NH);  
 
2.1.5.2.2  Eutectic RPN-NO3 
 
2.1.5.2.2.1 HexBzPN-NO3 
White wax; 0.53 g, 98 %; m.p. 72-78℃; elemental analysis calcd (%): C 55.80, H 7.94, N 
18.08; found: C 57.75, H 8.30, N 16.97; FTIR (cm-1): 3259 (N-H broad), 3062, 3031 (C-Harom), 
2956, 2927, 2857 (C-Halkyl), 2662 (N-H
+), 1605, 1496 (C-Carom), 1363 (NO3
-), 1452 (C-Calkyl), 
1239, 1197, 1094, 1070 (P-N), 1027, 906, 781, 725, 695; δ 31P NMR (162 MHz, CDCl3): 13.43 
(m); δ 1H NMR (400 MHz, CDCl3): 7.27 (m, BzNH), 4.07 (m, CH2 BzNH), 3.30br (s, NH 
HexNH/BzNH), 2.84 (s, CH2; C1 HexNH), 1.42 (m, CH2; C2 HexNH), 1.24 (t, CH2; C3, C4, 
C5 HexNH), 0.85 (m, CH3, HexNH). 
 
2.1.5.2.2.2 HexCyPN-NO3 
White solid; 0.44 g, 81 %; m.p. 60-63 oC; elemental analysis calcd (%): C 54.53, H 10.04, N 
17.66; found: C 54.39, H 10.43, N 17.36; FTIR (cm-1): 3272 (N-H broad), 2956, 2925, 2854 
(C-Halkyl), 1345 (NO3
-), 2662 (N-H+), 1447 (C-Calkyl), 1238, 1199, 1100 (P-N), 926, 824, 778, 
723; δ 31P NMR (162 MHz, CDCl3): 12.26 (m); δ 
1H NMR (400 MHz, CDCl3): 3.29 (s, NH 








Cream solid; 0.31 g, 94 %; m.p. 96-102 oC; elemental analysis calcd (%): C 56.24, H 7.21, N 
18.22; found: C 56.75, H 6.52, N 16.10; FTIR (cm-1): 3356 (N-H), 3247 (N-H broad), 3062, 
3030 (C-Harom), 2928, 2853 (C-Halkyl), 2661 (N-H
+), 1605, 1496 (C-Carom), 1349 (NO3
-), 1452 
(C-Calkyl), 1236, 1199, 1100, 1094, 1070 (P-N), 1028, 911, 784, 726, 634; δ 
31P NMR (162 
MHz, CDCl3): 12.07 (m); δ 
1H NMR (400 MHz, CDCl3): 7.23 (m, BzNH), 4.01 (s, CH2 BzNH), 
3.71 (s, NH BzNH), 2.99br (s, NH CyNH), 2.45br (s, CH CyNH), 1.85 (m, CH2; C2, C6; 
CyNH), 1.62br (s, CH2; C2, C4, C6 CyNH), 1.13 (m, CH2; C3, C5 CyNH). 
 
2.1.5.2.2.4 HexCyBzPN-NO3 
White solid; 0.50 g, 93 %; m.p. 82-85 oC; elemental analysis calcd (%): C 55.51, H 8.41, N 
17.98; found: C 56.65, H 8.62, N 17.19; FTIR (cm-1): 3261 (N-H broad), 3063, 3031 (C-Harom), 
2956, 2927, 2856, 2825 (C-Halkyl), 2650 (N-H
+), 1606, 1496 (C-Carom), 1348 (NO3
-), 1451 (C-
Calkyl), 1237, 1198, 1099, 1071 (P-N), 1028, 907, 782, 726, 695; δ 
31P NMR (162 MHz, CDCl3): 
12.44 (m); δ 1H NMR (400 MHz, CDCl3): 7.26 (m, BzNH), 4.11 (s, CH2 BzNH), 3.26br (s, 
NH BzNH), 3.05br (s, NH HexNH/CyNH), 2.87 (m, CH CyNH/ CH2; C1 HexNH), 1.88 (s, 
CH2; C2, C6; CyNH), 1.66 (s, CH2; C2 HexNH), 1.43 (m, CH2; C2, C4, C6 CyNH), 1.24 (m, 
CH2; C3, C4, C5 HexNH/ CH2; C3, C5 CyNH), 0.85 (m, CH3 HexNH). 
 
2.1.5.2.2.5 HexiBuPN-NO3 
White wax; 0.46 g, 84 %; m.p. 52-58 oC; elemental analysis calcd (%): C 50.40, H 10.29, N 




2927, 2859 (C-Halkyl), 1347 (NO3
-), 1437 (C-Calkyl), 1237, 1199, 1097 (P-N), 927, 827, 778, 
724; δ 31P NMR (162 MHz, CDCl3): 13.41 (m); δ 
1H NMR (400 MHz, CDCl3): 3.36br (d, NH 
HexNH/iBuNH), 2.89 (s, CH2; C1 HexNH), 2.73 (s, CH2 iBuNH), 1.71 (m, CH iBuNH), 1.49 
(m, CH2; C2 HexNH), 1.28 (m, CH2; C3, C4, C5 HexNH), 0.90 (m, CH3 HexNH/iBuNH). 
 
2.1.5.2.2.6 HexBuPN-NO3 
White solid; 0.50 g, 91 %; m.p. 44-51 oC; elemental analysis calcd (%): C 50.40, H 10.29, N 
19.59; found: C 51.23, H 10.38, N 19.24; FTIR (cm-1): 3263 (N-H broad), 2675 (N-H+), 2957, 
2927, 2859 (C-Halkyl),  1343 (NO3
-), 1440, 1375 (C-Calkyl), 1238, 1196, 1118, 1094, 1041 (P-
N), 918, 827, 777, 726; δ 31P NMR (162 MHz, CDCl3): 13.32(m); δ 
1H NMR (400 MHz, 
CDCl3): 2.90 (s, CH2; C1 HexNH/ CH2; C1 BuNH), 1.48 (m, CH2; C2 HexNH/ CH2; C2 
BuNH), 1.28 (m, CH2; C3, C4, C5 HexNH/ CH2; C3 BuNH), 0.91 (m, CH3 HexNH/BuNH). 
 
2.1.5.2.2.7 iBuBuPN-NO3 
White solid; 0.51 g, 91 %; m.p. 130-132 oC; elemental analysis calcd (%): C 45.70, H 9.75, N 
22.21; found: C 45.36, H 9.66, N 22.19; FTIR (cm-1): 3275 (N-H broad), 2957, 2932, 2869 (C-
Halkyl), 2720 (N-H
+), 1348 (NO3), 1436 (C-Calkyl), 1237, 1200, 1093, 1042 (P-N), 918, 827, 
774, 732, 673; δ 31P NMR (162 MHz, CDCl3): 13.39 (s); δ 
1H NMR (400 MHz, CDCl3): 3.34br 
(d, NH iBuNH/BuNH), 2.91/2.73 (s, CH2; C1 iBuNH/ CH2; C1 BuNH), 1.71 (m, CH iBuNH), 
1.49 (m, CH2; C2 BuNH), 1.34 (m, CH2; C3 BuNH), 0.90 (m, CH3 iBuNH/BuNH). 
 
2.1.5.2.2.8 HexiBuBuPN-NO3 
Colourless wax; 0.49 g, 89 %; m.p. 34-39 oC; elemental analysis calcd (%): C 48.96, H 10.13, 
N 20.39; found: C 49.78, H 10.27, N 20.14; FTIR (cm-1): 3272 (N-H broad), 2956, 2928, 2860 
(C-Halkyl), 2671 (N-H
+), 1367 (NO3




775, 726; δ 31P NMR (162 MHz, CDCl3): 14.07 (s); δ 
1H NMR (400 MHz, CDCl3): 2.90 (s, 
CH2; C1 HexNH/ CH2; C1 iBuNH/ CH2; C1 BuNH), 2.72 (s, NH HexNH, iBuNH, BuNH), 
1.71 (m, CH iBuNH), 1.48 (m, CH2; C2 HexNH/ CH2; C2 BuNH), 1.28 (m, CH2; C3, C4, C5 
HexNH/ CH2; C3 BuNH), 0.90 (m, CH3 HexNH/iBuNH/BuNH). 
 
2.1.5.2.2.9 HexPN-NO3 
White solid; 0.50 g, 93 %; m.p. 90-93 oC; FTIR (cm-1): 3272 (N-H broad), 2956, 2928, 2860 
(C-Halkyl), 2662 (N-H
+), 1367 (NO3
-), 1428 (C-Calkyl), 1240, 1194, 1092, 1042 (P-N), 925, 827, 
775, 726; δ 31P NMR (162 MHz, CDCl3): 14.32br (s); δ 
1H NMR (400 MHz, CDCl3): 2.89 (s, 
CH2; C1), 2.67br (s, NH), 1.48, (m, CH2; C2), 1.28 (m, CH2; C3,4,5), 0.88 (m, CH3). 
 
2.1.5.2.2.10 BzPN-NO3 
Cream solid; 0.91 g, 83 %; m.p. 129-133 °C; FTIR (cm-1): 3400 (N-H), 3200 (N-H broad), 
3050, 3000, 2950 (C-Harom), 2900, 2800 (C-Halkyl), 1600 (C-Carom), 1380 (NO3
-), 1250, 1100, 
1075 (P-N); elemental analysis calcd (%): C 60.43, H 5.88, N 16.79; found: C 58.98, H 5.95, 
N 16.19; δ 31P NMR (162 MHz, CDCl3): 12.91 (m); δ 
1H NMR (400 MHz, CDCl3): 7.22 (m, 
Ar H), 4.00 (s, CH2), 3.25br (s, NH). 
  
2.1.5.3 Preparation of Eutectic RPN-POM IL Catalysts 
RPN-POM IL catalysts were prepared in stoichiometric ratios [POM]/[RPN] based on anionic 
charge of POM and assuming formation of monocationic RPN species in situ. A solution of 
RPN (0.345 mmol) in ethanol (3 mL) and a solution of POM (0.114 mmol) in ethanol (3 mL) 
were combined in a flask and stirred at room temperature for 2 hours. The solvent was then 




2.1.5.3.1  HexBzPN-PMo 
Green glass; 0.43 g, 93.48%; m.p. 50-57 °C; elemental analysis calcd (%): C 32.77, H 4.58, N 
9.55; found: C 31.71, H 4.65, N 8.61; FTIR (cm-1): 3500 (N-H), 3351 (N-H broad), 3063, 3031 
(C-Harom), 2956, 2927, 2857
 (C-Halkyl), 1496
 (C-Carom), 1454, 1406 (C-Calkyl), 1254, 1092 (P-
N), 1059 (P-O), 951 (Mo=O), 877, 798 (Mo-O-Mo); δ 31P NMR (162 MHz, CDCl3): 11.97 (m, 
RPN), -3.69 (s, PMo); δ 1H NMR (400 MHz, CDCl3):  7.26 (m, BzNH), 4.16br (s, CH2 BzNH), 
3.28br (s, NH HexNH/BzNH), 2.92 (s, CH2; C1 HexNH), 1.47br (s, CH2; C2 HexNH), 1.22 
(m, CH2; C3, C4, C5 HexNH), 0.84 (m, CH3, HexNH). 
 
2.1.5.3.2  HexCyPN-PMo 
Green viscous liquid; 0.41 g, 87.23%; elemental analysis calcd (%): C 32.33, H 5.88, N 9.43; 
found: C 31.34, H 6.12, N 9.22; FTIR (cm-1): 3545 (N-H), 3360 (N-H broad), 2954, 2927, 2855 
(C-Halkyl), 1495, 1451, 1407 (C-Calkyl), 1252, 1093
 (P-N), 1059 (P-O), 952 (Mo=O), 875, 791 
(Mo-O-Mo); δ 31P NMR (162 MHz, CDCl3): 11.30 (m, RPN), -3.76 (s, PMo); δ 
1H NMR (400 
MHz, CDCl3): 3.72br (s, NH HexNH/CyNH), 2.90 (s, CH CyNH/ CH2; C1 HexNH), 
1.93/1.69/1.51 (m, CH2; C2 HexNH/ CH2; C2, C4, C6 CyNH), 1.28 (s, CH2; C3, C4, C5 
HexNH/ C3, C5 CyNH), 0.88 (t, CH3 HexNH).  
 
2.1.5.3.3  BzCyPN-PMo 
Green solid; 0.43 g, 89.58%; m.p. 96-104 °C; elemental analysis calcd (%): C 32.92, H 4.14, 
N 9.60; found: C 30.95, H 3.54, N 8.12; FTIR (cm-1): 3400 (N-H broad), 3050, 3000 (C-Harom), 
2900, 2850 (C-Halkyl), 1600,  1500
 (C-Carom), 1453, 1405 (C-Cakyl), 1250, 1100 (P-N), 1050 (P-
O), 950 (Mo=O), 900 and 775 (Mo-O-Mo); δ 31P NMR (162 MHz, CDCl3): 12.70 (m, RPN), 




BzNH), 3.91 (s, NH; BzNH), 3.79 (s, NH; CyNH), 2.17 (m, CH CyNH), 1.91 (s, CH2; C2, C6; 
CyNH), 1.58 (s, CH2; C2,C4, C6 CyNH), 1.25/0.87 (s, CH2; C3, C5 CyNH);  
 
2.1.5.3.4  HexBzCyPN-PMo 
Green glass; 0.37 g, 80.43%; m.p. 56-63 °C; elemental analysis calcd (%): C 32.67, H 4.87, N 
9.53; found: C 11.58, H 1.82, N 2.99; FTIR (cm-1): 3357 (N-H broad), 3062, 3023 (C-Harom), 
2928, 2853 (C-Halkyl), 1496 (C-Carom), 1453, 1405 (C-Calkyl), 1257, 1090 (P-N), 1059 (P-O), 
950 (Mo=O), 873, 781 (Mo-O-Mo), 694; δ 
31P NMR (162 MHz, CDCl3): 10.83 (m, RPN), -
3.70 (s, PMo); δ 1H NMR (400 MHz, CDCl3): 7.26 (m, BzNH), 4.19 (s, CH2 BzNH), 3.87br 
(s, NH BzNH), 3.30br (s, NH HexNH/CyNH), 2.94 (s, CH CyNH/ CH2; C1 HexNH), 1.93 (s, 
CH2; C2, C6; CyNH), 1.54br (m, CH2; C2 HexNH/ CH2; C2, C4, C6 CyNH), 1.27 (s, CH2; C3, 
C4, C5 HexNH/ CH2; C3, C5 CyNH), 0.87(m, CH3 HexNH). 
 
2.1.5.3.5  HexiBuPN-PMo 
Green glass; 0.42 g, 85.71%; m.p. 56-62 °C; elemental analysis calcd (%): C 28.59, H 5.84, N 
10.00; found: C 26.35, H 5.38, N 8.85; FTIR (cm-1): 3362 (N-H broad), 2955, 2927, 2858 (C-
Halkyl), 1466, 1406 (C-Calkyl), 1256, 1091 (P-N), 1059
 (P-O), 952 (Mo=O), 874, 780 (Mo-O-
Mo); δ 31P NMR (162 MHz, CDCl3): 11.09 (m, RPN), -3.75 (s, PMo); δ 
1H NMR (400 MHz, 
CDCl3):  3.32br (s, NH HexNH/iBuNH), 2.98 (s, CH2; C1 HexNH), 2.80 (s, CH2 iBuNH), 
1.76br (s, CH iBuNH), 1.56br (s, CH2; C2 HexNH), 1.29 (m, CH2; C3, C4, C5 HexNH), 0.93 
(m, CH3 HexNH/iBuNH). 
 
2.1.5.3.6  HexBuPN-PMo 
Green viscous liquid; 0.41 g, 83.67%; elemental analysis calcd (%): C 28.38, H 5.81, N 10.04; 




1465, 1405 (C-Calkyl), 1253, 1092 (P-N), 1059
 (P-O), 952 (Mo=O), 875, 791 (Mo-O-Mo); δ 31P 
NMR (162 MHz, CDCl3): 13.47 (t, RPN), 11.24 (d, RPN), -3.75 (s, PMo); δ 
1H NMR (400 
MHz, CDCl3): 3.21 (s, NH HexNH/BuNH), 2.93 (d, CH2; C1 HexNH/ CH2; C1 BuNH), 1.47 
(m, CH2; C2 HexNH/ CH2; C2 BuNH), 1.22 (m, CH2; C3, C4, C5 HexNH/ CH2; C3 BuNH), 
0.85 (m, CH3 HexNH/BuNH).  
 
2.1.5.3.7  iBuBuPN-PMo 
Green viscous liquid; 0.45 g, 86.54%; elemental analysis calcd (%): C 24.51, H 5.23, N 10.72; 
found: C 22.73, H 4.91, N 9.91; FTIR (cm-1): 33363 (N-H broad), 2957, 2930, 2870 (C-Halkyl), 
1465, 1405 (C-Calkyl), 1257, 1089 (P-N), 1058 (P-O),
 951 (Mo=O), 873, 781 (Mo-O-Mo); δ 31P 
NMR (162 MHz, CDCl3): 11.38 (m, RPN), -3.75 (s, PMo); δ 
1H NMR (400 MHz, CDCl3): 
3.33 (s, NH iBuNH/BuNH), 3.00/2.81 (s, CH2; C1 iBuNH/ CH2; C1 BuNH), 1.76 (s, CH 
iBuNH), 1.54 (s, CH2; C2 BuNH), 1.36 (m, CH2; C3 BuNH), 0.93 (m, CH3 iBuNH/BuNH). 
 
2.1.5.3.8  HexiBuBuPN-PMo 
Green viscous liquid; 0.42 g, 85.71%; elemental analysis calcd (%): C 27.29, H 5.64, N 10.23; 
found: C 26.33, H 5.50, N 9.79; FTIR (cm-1): 3365 (N-H broad), 2957, 2929, 2871 (C-Halkyl), 
1465, 1406 (C-Calkyl), 1252, 1091
 (P-N), 1059 (P-O), 953 (Mo=O), 876, 796 (Mo-O-Mo); δ 31P 
NMR (162 MHz, CDCl3): 11.24 (m, RPN), -3.75 (s, PMo); δ 
1H NMR (400 MHz, CDCl3): 
3.33 (s, NH HexNH, iBuNH, BuNH), 2.97 (s, CH2; C1 iBuNH/ CH2; C1 BuNH), 2.79 (s, CH2; 
C1 HexNH), 1.75 (s, CH iBuNH), 1.53 (s, CH2; C2 HexNH/ CH2; C2 BuNH), 1.29 (m, CH2; 





2.1.5.3.9  HexPN-PMo 
Green viscous liquid; 0.84 g, 92.31%; analysis calcd (%): C 32.16, H 6.37, N 9.38; found: C 
31.12, H 6.34, N 8.83; FTIR (cm-1): 3359 (N-H broad), 2955, 2927, 2857 (C-Halkyl), 1465, 1405 
(C-Calkyl), 1254, 1093
 (P-N), 1060 (P-O), 953 (Mo=O), 876, 799 (Mo-O-Mo); δ 31P NMR (162 
MHz, CDCl3): 11.21 (m, RPN), -3.77 (s, PMo); δ 
1H NMR (400 MHz, CDCl3): 3.32br (s, NH 
HexNH), 2.97 (s, CH2; C1 HexNH), 1.54 (s, CH2; C2 HexNH), 1.29 (m, CH2; C3, C4, C5 
HexNH), 0.89 (m, CH3 HexNH). 
 
2.1.5.3.10 BzPN-PMo 
Green solid; 0.71 g, 79 %; m.p. 74-80 °C; elemental analysis calcd (%): C 33.36, H 2.88, N 
9.73; found: C 36.20, H 3.70, N 8.87; FTIR (cm-1): 3357 (N-H broad), 3062, 3029 (C-Harom), 
1604, 1495 (C-Carom), 1454, 1403 (C-Calkyl), 1257, 1090
 (P-N), 1060 (P-O), 952 (Mo=O), 873, 
784 (Mo-O-Mo), 726, 693 ; δ 31P NMR (162 MHz, CDCl3): 12.82 (t, RPN), 10.87 (d, RPN), -
3.72 (s, PMo); δ 1H NMR (400 MHz, CDCl3): 7.18 (m, ArH), 4.13 (s, CH2), 3.89 (s, NH). 
 
2.1.5.3.11 HexCyPN-SiW 
Green viscous liquid; 0.46 g, 92.00%; elemental analysis calcd (%): C 29.83, H 5.49, N 8.70; 
found: C 30.94, H 6.00, N 8.99; FTIR (cm-1): 3317 (N-H broad), 2925, 2854 (C-Halkyl), 1451, 
1410 (C-Calkyl), 1250 , 1094 (P-N), 968
 (W=O), 916, 884 (W-O-W), 783 (Si-O); δ 31P NMR 
(162 MHz, CDCl3): 13.53 (m, RPN), 11.67 (m, RPN), 9.87 (m, RPN); δ 
1H NMR (400 MHz, 
CDCl3): 3.67 (s, NH HexNH/CyNH), 2.18 (m, CH CyNH/ CH2; C1 HexNH), 1.96/1.70/1.54 
(m, CH2; C2 HexNH/ CH2; C2, C4, C6 CyNH), 1.28 (s, CH2; C3, C4, C5 HexNH/ C3, C5 






Pale green viscous liquid; 0.52 g, 89.66%; elemental analysis calcd (%): C 25.59, H 4.71, N 
7.46; found: C 26.23, H 5.13, N 7.71; FTIR (cm-1): 3356 (N-H broad), 2926, 2854 (C-Halkyl), 
1451, 1407 (C-Calkyl), 1252, 1077
 (P-N), 973 (P-O), 892 (W=O), 799 (W-O-W); δ 31P NMR 
(162 MHz, CDCl3): 13.25 (m, RPN), 11.06 (m, RPN), 8.98 (m, RPN), -15.22 (s, PW); δ 
1H 
NMR (400 MHz, CDCl3): 3.31 (s, NH HexNH/CyNH), 2.99 (s, CH CyNH/ CH2; C1 HexNH), 
1.96/1.73/1.56 (m, CH2; C2 HexNH/ CH2; C2, C4, C6 CyNH), 1.29 (s, CH2; C3, C4, C5 
HexNH/ C3, C5 CyNH), 0.89 (t, CH3 HexNH). 
 
2.2 Catalyst Characterization Techniques 
 
2.2.1 Elemental Analysis 
Elemental analysis is the measurement of the elemental composition of a material. These 
techniques can be used to detect the presence of specific elements within a material 
qualitatively and/or quantitatively. The main application of elemental analysis is to determine 
the purity of a sample.  
 
2.2.1.1 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical 
technique that is used to detect trace amounts of elements in a solution and is sensitive to traces 
down to parts per billion.  
The ICP-OES spectrometer is composed of two parts: the inductively coupled plasma and the 
optical spectrometer. The plasma is created by igniting argon gas in a radio frequency (RF) coil 




inside the plasma flame as a mist using an analytical nebulizer. The elements within the sample 
collide with the electrons and ions of the plasma which excites electrons within the elements 
to higher states. As the electrons relax, they emit photons of energy which are quantized and 
characteristic of the element involved. The wavelengths of the energies produced are recorded 
by the spectrometer as emission lines and the intensities (measured in counts per second) of 
these lines are directly proportional to the concentration of the element in the sample solution. 
The concentration of an element can then be determined by comparison of the emission line 
intensities with standard calibrated solutions of the corresponding element.2 
ICP-OES was used to determine the concentration of phosphorous in our catalyst samples.  
Samples for ICP-OES analysis were prepared by digesting 20 mg of catalyst in 4 mL of boiling 
aqua regia (1 mL conc. HNO3 and 3 mL conc. HCl). The solution was then diluted to 25 mL 
with H2O2 and submitted for analysis. 
For the POM/RPN-SiO2 catalysts the POM could be digested off the surface using 10 % W/V 
KOHaq. The concentration of POM on the surface of the sample could be determined from the 
phosphorus or metal content of the solution. Samples were prepared by boiling 20 mg 
POM/SiO2 samples in 25 mL 10 % W/V KOHaq. Once the solution had cooled down to room 
temperature, it was topped back up to 25 mL with fresh 10 % W/V KOHaq and submitted for 
analysis.   
Samples were submitted to the Microanalysis Service in the University of Liverpool Chemistry 
Department and analysed on an Agilent 5110 ICP-OES spectrometer with SVDV detection 





2.2.1.2 CHN Analysis 
CHN analysis was used in this work to elucidate the elemental composition of the RPNs and 
the catalysts. Analyses of samples were obtained by submission to the Microanalysis Service 
in the University of Liverpool Chemistry Department.  
 
2.2.2 Microscopy 
Microscopy is the use of a microscope to view an object at a higher resolution than can be seen 
with the human eye. Optical and electron microscopy measure the reflection, diffraction, or 
refraction of electromagnetic radiation or electron beams that interact with the sample in order 
to create an image. These images can provide information on the topography and morphology 
of the samples surface. 
 
2.2.2.1 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is a spectroscopic technique used for probing solid 
surfaces. A focussed beam of high-energy electrons is passed over the surface of the sample 
and the resulting electron-surface interactions can reveal information about the surface 
morphology, topography and chemical composition. The electron-surface interactions produce 
various signals which include secondary electrons, back-scattered electrons and X-rays to list 
a few. Secondary electrons are most commonly used for imaging samples as their detection is 
sensitive to the topography and morphology of the sample. Scanning of the surface using 
secondary electron imaging detects the electrons emitted from very close to the surface and 
can, consequently, provide image resolution up to about 10 nm.    
For typical imaging in the SEM, samples must be electrically conductive at the surface and 




collect charge when scanned by the electron beam and, especially in secondary electron 
imaging mode, this causes scanning faults and other image artifacts. These materials are usually 
coated with an ultrathin layer of electrically conducting material, such as metal or water, which 
is deposited onto the sample either by low-vacuum sputter coating or by high-vacuum 
evaporation.3 
Scanning Electron Microscopy (SEM) of POM/RPN-SiO2 and RPN-SiO2 samples was 
performed by Casper Kunstmann on a FEI Quanta 250 FEG Environmental SEM, operating in 
“Low Vacuum” mode. This allows for imaging of non-conductive samples by filling the 
sample chamber with a small amount of pure water vapour (at 100 Pa), which helps dissipate 
beam induced charge from the sample surface. To image the samples, the dry powder silica 
particles were deposited directly on double-sided carbon adhesive discs (Agar Scientific). All 
images are obtained at low beam energy (5 kV) to avoid sample damage and again, charging 
effects.  
 
2.2.3 Thermal Analysis 
Thermal analysis techniques are experimental methods for characterising a sample by 
measuring changes in physio-chemical properties as a function of temperature. Phase changes 
and decomposition are the properties that are most commonly measured by these techniques. 
  
2.2.3.1 Thermogravimetric Analysis (TGA) 
Thermogravimetric Analysis (TGA) is a technique in which the mass of a substance is 
monitored as a function of temperature whilst the sample is gradually heated in a controlled 
atmosphere. Decomposition as the result of heating is an inherent property of most chemical 




a compound and can also provide information on its structural composition. It can also be used 
to quantify loss of water, loss of solvent, decarboxylation, pyrolysis, and oxidation to list a few 
examples.4 
TGA instrumentation consists of a sample pan that resides in a furnace and is attached to a 
precision balance. As the sample is heated, the balance measures the change in weight of the 
sample. The environment inside the furnace can be controlled through a gas inlet, which 
enables controlled flow of reactive or inert purge gas over the sample, which then exits through 
an exhaust. 
TGA was used in this work to measure the thermal stability of RPN-POM catalyst aggregates 
and to measure the amount of physisorbed water in the commercially sourced heteropoly acids 
(supplied as hydrates from Sigma-Aldrich) used in these studies. Samples were analysed using 
a Perkin Elmer TGA 7. Experiments were conducted under N2 flow using a heating rate of 20 
oC per minute to raise the temperature from room temperature up to 700 oC.      
  
2.2.3.2 Differential Scanning Calorimetry (DSC)  
Differential scanning calorimetry provides information about the thermal changes a sample 
undergoes that do not involve a change in mass, such as phase transitions. The technique 
measures the difference in the amount of heat that is required to increase the temperature of a 
sample and a reference as a function of temperature. As the sample undergoes a phase 
transition, more or less heat flow will be needed to maintain a constant temperature with the 
reference. The heat required will depend on whether the phase change is exothermic or 
endothermic. For example, as a solid sample melts to a liquid, heat will be absorbed by the 
sample as it undergoes the endothermic phase transition from solid to liquid and so it will 




converse is true for crystallization of a liquid sample, which is an exothermic process. By 
monitoring the difference in heat flow between the sample and reference, DSC can measure 
the amount of heat absorbed or released during such transitions. Subtler physical changes can 
also be detected, such as glass transitions.5 
DSC was used in our studies to monitor the phase transitions undergone by our eutectic RPNs. 
Sample measurements were run by Jessica Smith on a TA Instruments DSC Q2000. 
Measurements were conducted under a nitrogen atmosphere. Per run, samples were heated to 
150 oC at 5 oC/min, cooled to -80 oC at 5 oC/min, and heated to 150 oC at 5 oC/min. Sunflower 
oil and linseed oil were used as reference samples.  
 
2.2.4 Spectroscopy 
Spectroscopy is the study of the interaction between radiation and matter. Electromagnetic 
radiation in the form of photons – packets of energy – is absorbed by subatomic particles (e.g. 
protons and electrons) which results in excitations in their energy levels. The energies required 
for these excitations are quantized and only discrete energies will result in transfer of a particle 
between energy levels.  
Excitations or emissions can translate into changes in the vibrational, rotational or translational 
levels within a molecule depending on the amount of energy that is absorbed or emitted by 
photons. The frequency of the photons corresponding to these transitions occur in well-defined 
regions of the electromagnetic spectrum which is shown in Fig. 2.1. It is through the 
measurement of photons with well-defined energies and their interactions with matter which 





Fig. 2.1. The electromagnetic spectrum (source: Wikipedia article on the electromagnetic 
spectrum). 
 
2.2.4.1 UV-Visible Spectroscopy 
UV-Visible (UV-Vis) spectroscopy is an analytical technique employed to measure the 
absorbance spectrum of a compound within the ultraviolet and visible regions of the 
electromagnetic spectrum. The peaks in the spectrum correspond to electronic transitions 
between the ground state and excited state energy levels of molecules containing π or non-
bonding (n) electrons. Ultraviolet (UV) or visible light energy is used to excite these electrons 
into unoccupied, high-energy anti-bonding orbitals. The exact energy absorbed corresponds to 
the HOMO-LUMO gap (Highest Occupied Molecular Orbital and Lowest Unoccupied 
Molecular Orbital, respectively), with a smaller gap requiring low energy, long wavelength 
light to excite the electron.  
Measurements are often conducted using solutions containing a known concentration of a 




electronic transitions within the sample (e.g. the solvent will not substitute ligands on a 
complex) nor will it have an absorbance in the UV-Vis region that will mask the spectrum of 
the sample. An aliquot of the solution is transferred to a suitable cuvette cell with a known path 
length (often 1 cm), with clean solvent in a duplicate cell for use as a reference. This ensures 
the measured spectrum is made up of peaks due to absorptions by the sample rather than the 
solvent. Analysis of the resulting spectrum provides information on two important parameters: 
the position of the absorbance peaks in relation to their wavelength and the intensity of the 
band. The intensity and the concentration can be used to calculate the extinction coefficient (ε) 
for each peak using the Beer-Lambert law:  
A = log10 (Io/I) = ε cl 2.1 
where A is absorbance, c is the molar concentration and l is the path length in centimetres. The 
extinction coefficient measures how strongly a substance absorbs light at a given wavelength 
per molar concentration. An electronic band in the spectrum may have several clear peaks 
resulting from different vibration states in the molecules (Frank-Condon principle). If the peak 
is well resolved, an estimate of the vibrational frequency of the excited state responsible for 
the fine structure can be obtained by measuring the individual peak positions.7    
In this work, UV spectroscopy was used to measure the phase-transfer ability of different RPNs 
(iPrPN, iBuPN and BzPN) at different [RPN]/[PW] ratios in a DCE/H2O system. 
Measurements were used to detect a change in concentration of PW or its derivative peroxo 
POM species in the DCE layer resulting from the different ratios of RPN PTCs. Measurements 
were recorded on a CARY 50 Probe UV/Vis spectrometer in 1 cm quartz cuvettes. 
To measure the phase-transfer of PW, a biphasic system was established by combining a 0.5 
mL aqueous phase containing PW (6.478x10-6 mol) and organic DCE phase containing RPN 




vigorously at room temperature (~20 oC) to emulsify the two layers and left to settle for two 
hours. A 1 mL aliquot was taken from the organic layer and diluted to a tenth of its 
concentration with fresh DCE to ensure absorption was below the saturation limit of the 
spectrophotometer. Scans were taken in the range of 200 – 800 nm and the maximum PW peak 
absorbance was measured at ~268 nm. To measure the phase-transfer of peroxo PW, the exact 
same procedure was followed using H2O2 (0.1 mL, 1.01 mmol) instead of H2O. Max 
absorbance for peroxo PW was measured at ~292 nm.  
 
2.2.4.2 Fourier Transform Infra-Red Spectroscopy (FTIR) 
FTIR spectroscopy is an analytical technique employed to measure the absorbance spectrum 
of a compound within the infrared region of the electromagnetic spectrum. The frequency of 
the energy absorbed is discrete and corresponds to the transition energy between the ground 
state and excited state energy levels which is required for a bond to vibrate, bend or rotate. The 
absorption peaks in the recorded spectrum of a compound, therefore, indicate the presence of 
characteristic bonds with vibrations and rotations that occur at these discrete energies.7 
For this work, solid samples were analysed by FTIR using the diffuse reflectance technique 
(DRIFTS). This technique measures the diffusely scattered light which is reflected from the 
surface of the sample. As diffusely reflected light passes through the powder, groups on the 
surface or in the bulk of the powder can absorb the light, producing a diffuse reflected spectrum. 
If the powder is strongly absorbing it can be mixed with a diffusely scattering matrix, such as 
KBr, which lowers absorption and improves throughput of the signal.8 A diagram of the set-up 
of the spectrometer is shown in Fig. 2.2. There are four flat mirrors (M1, M2, M5 and M6) and 




The diffusely reflected light from the sample is then focussed by mirrors M4, M5 and M6 
towards the detector for analysis.   
 
Fig. 2.2. Set-up of FTIR spectrometer operating in DRIFTS mode. 
 
Samples were prepared by mixing 0.02-0.10 g of catalyst with 0.40 g dried KBr powder (5-25 
wt. %) and grinding thoroughly. All measurements were performed at room temperature and 
pressure. The infrared spectra were collected using a Nicolet Model Nexus FTIR-Raman 
spectrometer. Spectra were recorded using percentage transmittance, T. The scanning limits 
were in the range of 4000 to 400 cm-1. 
Liquid samples were analysed on a Perkin Elmer Spectrum 100 FT-IR Spectrometer. Spectra 
were recorded using percentage transmittance, T. The scanning limits were in the range of 4000 




2.2.4.3 Nuclear Magnetic Resonance Spectroscopy (NMR) 
Nuclear magnetic resonance spectroscopy (NMR) measures the electromagnetic radiation 
absorbed by a nucleus with a magnetic moment, µ, inside an applied magnetic field (Bo).
6,7,9 
For a nucleus to have a magnetic moment, it must possess either an odd number of protons or 
an odd number of neutrons, or both i.e. its spin quantum number, I, must be non-zero. In the 
absence of a magnetic field, the magnetic states of the nucleus will be in their degenerate state. 
However, when placed in an external magnetic field the spins can adopt a discrete number of 
possible orientations which total 2I+1. The individual spin orientations are given by: 
m = I, I-1, I-2,…,0,…, -I+1, -I 2.2 
Allowed transitions between spin orientations obey the rule Δm = ± 1. It is this splitting of the 
otherwise degenerate energy levels in a magnetic field that makes NMR spectroscopy possible. 






where γ is the gyromagnetic ratio of the type of nucleus and h is planks constant. 
Some of the most widely investigated nuclei, 1H, 13C and 31P - all of which have been studied 
in this work - are I = ½ and so when these nuclei are placed in an external field there are two 
spin states that arise, m = + ½ and - ½. A single transition is possible between these two states. 
The energy difference corresponding to this transition is illustrated in Fig. 2.3. 












Fig. 2.3. Energy levels for a spin I = ½ nucleus in an externally applied field. Difference in 
energy between levels corresponds to the single possible transition between the states where 
Bo is the strength of the applied field, γ is the gyromagnetic ratio of the nucleus and h is Plank’s 
constant. 
 
The energy of the external field is at a specific resonance frequency that lies within the radio-
frequency area of the electromagnetic spectrum. When introduced to this field, the nuclear 
spins absorb energy that corresponds to the resonance frequency and begin to precess around 
the direction of the applied field (Fig. 2.4). The rate at which an individual spin precesses 





Fig. 2.4. Precession of a nucleus around an applied external field, Bo. 
 
The effective magnetic field that is experienced by the nucleus, however, is not necessarily the 
same as the applied field; the motion of the electrons that surround the nucleus can create a 
field that opposes the applied field which effectively shields the nucleus: 
𝐵𝑒𝑓𝑓 = 𝐵𝑜(1 − 𝜎) 2.5 
where σ is the shielding constant. As the local environment around a nucleus varies, so too will 
the value of σ. This alters the energy and therefore the frequency required to cause a transition, 
meaning the resonance frequency is characteristic of the localised environment of the nucleus. 
As contributions provided by σ are usually small, the observed frequency of each resonance 
(νobs) is measured relative to a reference frequency (νref) produced by a nucleus of the same 
type in a magnetic environment (e.g. phosphate in phosphoric acid is commonly used for 31P 
NMR as a reference). The distance a nucleus is “shifted” from this reference frequency is 
proportional to effect of the environment on the magnetic moment of the nucleus, and is called 
a chemical shift, δ. As these effects are small, the difference is multiplied by a million and so 









The reference shift is always stated as 0 ppm, so the chemical shift (ppm) and frequency (Hz) 
scales are interconvertible using equation 





As different nuclei have different gyromagnetic ratios, the frequencies required for the nuclei 
to resonate will be different, i.e. the resonance frequencies for different nuclei are often 
separated by many MHz. As such, as chemical shifts are only measured in Hz it is very unlikely 
that there will be any overlapping chemical shifts sourced from different nuclei. 
 
2.2.4.3.1 Solution-State Nuclear Magnetic Resonance Spectroscopy 
In a sample solution, in the absence of a magnetic field the nuclear spins are orientated in 
random directions which means that the small magnetic fields that they generate are cancelled 
out and there is no net magnetic effect. Once an external field is applied and the spins 
equilibrate, they align in such a way that they create a bulk magnetization along the direction 
of the applied magnetic field to polarize the sample. The direction of the bulk magnetisation is 





Fig. 2.5. Generation of net magnetization vector of nuclear spins in a sample (M) with 
application of an external magnetic field (Bo).  
 
This vector is typically visualized along the z axis of a Cartesian plot as shown in Fig. 2.6. (1).  
In a typical experiment, outlined in Fig. 2.6, the external field, Bo, is applied continuously along 
the z axis to maintain M (1). A second radio frequency (RF) pulse is then applied perpendicular 
to the applied magnetic field to perturb the net magnetization vector produced by polarization 
of the sample (2); maximum signal is obtained with a 90o pulse. Precession of M around Bo 
occurs as M “relaxes” and realigns itself with the external field (3). This precession is also 
known as Larmor precession as it is with the individual spins. The oscillating magnetism cuts 
through a pickup coil producing an electrical signal (a free induction signal). This produces a 
free induction decay signal (FID) as M realigns with Bo which is Fourier transformed (FT) to 
give a plot of absorption vs. frequency. The individual spins give peaks at their corresponding 




The final NMR spectrum is usually displayed in a plot of absorbance vs. ppm. The chemical 
shifts of the nuclei are determined by their local environments within the molecule i.e. shielding 
as mentioned above; if two nuclei of the same type are in two inequivalent environments they 
will spin at different frequencies and, hence, will produce two peaks at separate δ in the 
spectrum. Integration of the peaks in the spectra of certain nuclei such as 1H and 31P can be 
used to calculate the ratio of nuclei in each environment as the absorbance is directly 
proportional to the moles of the corresponding nuclei. Therefore, these characteristic shifts 
provide information on the localised environments that are present within the molecule, such 
as functional groups, which is why NMR is such a powerful tool for the structural elucidation 
of molecules.   
 
Fig. 2.6. Stages of a typical NMR experiment. 1) Bulk magnetization of spins in a sample align 
in the direction of Bo to give net magnetisation vector, M, at equilibrium. 2) RF pulse offsets 
M from equilibrium position. 3) M precesses at Larmor frequency as it relaxes back to 
equilibrium position.  
 
31P NMR was used in this work to identify the presence of PMo and PW in organic solutions 
facilitated by RPN PTC; their shifts are found at – 3 ppm and -14 ppm, respectively.10–12 Their 
lacunary and peroxo derivatives can also be identified in characteristic peak ranges and so the 




addition, 31P NMR can also be used to identify the successful substitution of all six chloro 
substituents in the synthesis of organoaminocyclotriphosphazenes from P3N3Cl6 and a primary 
amine.1 Hexa-substituted organoaminocyclotriphosphazenes give singlet peaks with 
characteristic chemical shifts at ~19 ppm. 
1H and 13C NMR were used to identify the alkyl groups of the organoamine substituents. 
Solution-state NMR analysis in this work was conducted on a Bruker 400 MHz NMR 
spectrometer fitted with an auto-sampler. Samples were prepared in organic solutions using a 
CDCl3 lock or in aqueous solutions using a D2O lock. Analysis was run at 25
oC.  
 
2.2.4.3.2 Solid State Magic Angle Spinning Nuclear Magnetic Resonance 
Spectroscopy (MAS NMR) 
Solid-state NMR is used to determine the magnetic environments of nuclei in solid state 
compounds. 
 Anisotropic nuclear interactions, such as dipolar coupling, quadrupolar coupling and chemical 
shift anisotropy, modify nuclear spin energy levels which often produce line broadening in 
NMR spectra. As these interactions are orientation-dependent, the Brownian motion of 
molecules in solution-state NMR leads to an averaging of anisotropic interactions which means 
they can be neglected on the time scale of the NMR experiments. In solid samples, molecules 
are in fixed positions and so anisotropic interactions have a strong effect on the nuclear spins. 
The spectra of solid samples usually have broad, poorly defined signals that are difficult to 
analyse. However, by spinning the sample at a frequency of 1 to 130 kHz at the magic angle, 
θm, (ca. 54.74° with respect to the direction of the magnetic field) the broad lines become 
narrower, increasing the resolution for analysis of the spectrum. This results from the effects 




anisotropy) averaging to a non-zero value. Quadrupolar interactions are partially averaged by 
MAS which leaves residual secondary quadrupolar interactions which can be seen in the 
spectra (spinning side bands).   
Solid-state NMR experiments were used in this work to characterise solid RPN-SiO2 and 
POM/RPN-SiO2 catalysts. Solid-state NMR experiments were performed by Dong Xiao on a 
400 DSX NMR spectrometer, using a 4 mm HXY probe in triple resonance mode with the X 
channel tuned to 31P at 161.9 MHz, and Y channel tuned to 13C at 100.5 MHz in 13C CP 
experiments and to 29Si at 79.4 MHz in 29Si CP experiments, respectively.  
31P DE NMR. Experiments were performed at a MAS rate of 12 kHz using 31P rf (radio-
frequency) field amplitude pulses and 1H cw (continuous-wave) decoupling at 83 kHz. 128 to 
2048 transients were accumulated with a quantitative recovery delay longer than 5 x T1. The 
chemical shifts were referenced to aqueous 85% H3PO4 at 0 ppm. 
13C CP NMR. Experiments were performed at MAS rates of 10 and 14 kHz. The rf field 
amplitude of 1H 90o pulses and SPINAL64 decoupling were 83 kHz.16 For 1H to 13C CP 
transfer, the amplitude-ramped rf field for 1H was 60 kHz, while Hartmann-Hahn matched 13C 
rf field was 25-33 kHz at MAS rate of 10 kHz and 30 to 53 kHz at MAS rate of 14 kHz, and 
the contact time was optimized to be 1-2 ms. 5120 to 47104 transients were accumulated with 
a recovery delay of 3 s per transient. The chemical shifts were referenced to CH of adamantane 
at 29.45 ppm. 17 
29Si CP NMR. Experiments were performed at a MAS rate of 10 kHz. The rf field amplitude of 
1H 90o pulse and SPINAL64 decoupling was 83 kHz.16 For 1H to 29Si CP transfer, the 
amplitude-ramped rf field for 1H was 60 kHz, while Hartmann-Hahn matched 29Si rf field was 




accumulated with a recovery delay of 3 s per transient. The chemical shifts were referenced to 
the most upfield signal of Q8M8 at -109 ppm (corresponding to SiMe4 at 0 ppm).
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2.2.5 X-ray Diffractometry 
X-ray diffraction is used to identify the spacing between atoms or ions that comprise a 
molecule. The X-rays have the same wavelength as the spacing between the atoms or ions in 
the planes of a crystalline lattice which causes X-rays that penetrate the crystal to be diffracted. 
In an experiment, a monochromatic beam of X-ray radiation - created by bombarding a metal 
with high energy electrons and collimating the beam into one wavelength – is fired at the 
sample. If the crystal planes are orientated at the correct angle, the diffracted X-rays will 
constructively interfere in accordance with Bragg’s Law, nλ = 2dsinθ (where n is the order of 
reflection which has an integer value, λ is the incident X-ray wavelength, d is the planar spacing 
between atoms in the lattice layers, and θ is the angle of incidence), as illustrated in Fig. 2.7, 
and produce a diffraction pattern, or diffractogram. From the diffractogram, the symmetries 
and dimensions of the unit cell, and thus the structure of the sample also, can be solved.19 
 




2.2.5.1 Single Crystal X-ray Diffractometry 
Single crystal X-ray diffractometry is used to measure the packing and orientation of molecules 
in the lattice of a single crystal in three dimensions.  A monochromatic beam of X-ray radiation 
is fired at the surface of a crystal. The sample crystal is mounted on a Mylar tip attached to a 
goniometer. As the crystal is rotated, the spacing of the atoms in the crystal act as a diffraction 
grating and diffract the X-rays in 3 dimensions. The detector, which is mounted on a rotating 
arm, is repositioned around the crystal at different values of 2θ to detect X-rays that are 
diffracted at different angles. Only reflections that satisfy the Bragg equation produce spots on 
the diffractogram. The variance in intensity of the spots and the angle of detection relative to 
the beam source provide information on the geometry of the structure in 3 dimensions.19 
Single crystal X-ray studies were used to determine the packing of the POM and RPN 
constituents in RPN-POM aggregate catalysts in the solid state, and to help identify the 
structure of isolated intermediates from oxidation reactions in which they were used as catalysts 
with H2O2. RPN-POM crystals were grown by dissolving both components separately in 
methanol and then combining the two solutions in the appropriate [RPN]/[POM] ratios in a vial 
and allowing the methanol to slowly evaporate off at room temperature and pressure. Crystals 
of intermediates were isolated by separating off the organic layer from RPN-POM in the 
presence of H2O2 in two-phase systems and allowing the solvent to evaporate off slowly at 
room temperature and pressure. 
Samples were analysed by Dr. Alexander Steiner and Dr. Craig Robertson. Reflections were 
collected on a Bruker Smart Apex diffractometer using MoKα radiation (λ = 0.71073 Å). 





2.2.5.2 X-ray Powder Diffractometry (XRD) 
Powdered crystalline samples can diffract X-rays as the particulate crystals contain ordered 
lattice planes. The technique is used for the phase identification of crystalline material and can 
provide information on unit cell dimensions. 
Collection of the diffraction patterns of powdered samples is identical to that of single crystal 
samples, with the exception that the powders are dispersed as a thin film on tape or glass slides 
which are then attached to the goniometer.   
XRD was used in this study for structural determination of powdered catalyst samples and to 
determine if waxy eutectic RPN-POM catalysts were microcrystalline. Analysis of samples 
was carried out on a D 5005 Siemens diffractometer using CuKα radiation (1.5418 Å) by the 
XRD Analytical Services in the University of Liverpool Chemistry Department. 
 
2.2.6 Surface Area and Porosimetry Studies 
Heterogeneous catalysts are typically porous solids. Their catalytic activities, selectivities and 
stabilities are heavily influenced by their morphologies, which are dictated by properties such 
as total surface area, pore volumes and the distribution of their pore sizes. Pore sizes fall into 
three different classes: 
1. Micropores and ultramicropores - size below 2 nm and below 0.7 nm, respectively, 
2. Mesopores – size between 2 nm and 50 nm, 
3. Macropores – size above 50 nm. 
The type of pore (Fig. 2.8) determines the shape and availability of the pore walls to total 
surface contributions. Individual catalyst particles generally contain many pores of different 
shapes, sizes and volumes (pore size distribution). The total surface area of porous solids is 




Common porous catalysts typically have a total surface area of between 1-1000 m2g-1, whereas 
their external areas are in the range of 0.01-10 m2g-1.  
 
Fig. 2.8. Types of pores.21 
 
Nitrogen adsorption at 77K is the most commonly used technique to discern the surface area 
and porosimetry of solid catalysts. In these studies, the N2 molecules adsorb to the surface of 
the sample to form a tightly packed monolayer which is independent of the atoms in the 
structure of the analyte. An experiment measures the amount of N2 adsorbed onto the surface 
of the sample at 77 K as a function of N2 pressure. A plot of the volume of adsorbed N2, V, 
against its relative partial pressure, P/Po, produces an adsorption isotherm. The shape of the 
isotherm depends on the porous texture of the sample, or adsorbate, and the four types of 
adsorption isotherms commonly observed with N2 adsorption on catalysts are shown in Fig. 





Fig. 2.9. The four types of adsorption isotherms usually observed by nitrogen adsorption on 
solid catalysts.21 
 
Type I describes adsorption by microporous solids, type II describes adsorption by 
macroporous solids, type IV describes adsorption by mesoporous solids, and type VI describes 
absorption by uniform ultramicroporous solids. Details on these isotherms have been described 
many times in the literature21–24 and, as such, only the mesoporous type IV isotherm will be 
discussed here as this is relevant to the heterogeneous solid catalysts and supports analysed in 
this work. 
At low relative pressures, absorption of N2 onto mesoporous solids forms a monolayer. At high 
relative pressures, adsorption in the mesopores leads to multilayer formation until capillary 
condensation occurs, which provides a sharp increase in the volume of gas adsorbed (Fig. 2.9, 
type IV). The larger the mesopores, the higher the relative pressure required for this process to 
occur.21,25 
After saturation of the adsorbate has been reached, the process of N2 desorption begins. 
Desorption for microporous and macroporous materials is the opposite process of adsorption. 
This is also partially true for mesoporous materials, though, evaporation from the mesopores 




isotherm. This is due to the shape of the pores and may also be the result of pore connectivity 
effects (Fig. 2.8). The four types of hysteresis that can be produced are illustrated in Fig. 2.10.    
 
Fig. 2.10. The four hysteresis types of adsorption isotherm usually found by N2 adsorption.
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Types H1 and H2 are attributed to solids composed of particles with cylindrical pore channels, 
or spheroidal aggregates or agglomerates. The parallel, almost vertical branches of the H1 loop 
indicates a high degree of pore size uniformity and facile pore connectivity, whereas H2 loops 
have a steep desorption branch that is typically ascribed to pores that are less uniform in size 
and shape. The hysteresis loop shapes are also characteristic of pores with narrow openings 
with larger sized bodies often called “ink-bottle pores.” Condensation in these pores obeys the 
Kelvin law – the liquid formed at low pressure in the mouth of the pore provides vapour for 
condensation in the larger pore body – but evaporation of the pore body cannot occur until the 
pore mouth is empty. Most catalysts with mesopores display H1 or H2 hysteresis. 21,24   
Types H3 and H4 are characteristic of solids comprised of aggregates or agglomerates of 
particles which form slit like pores. For type H4 these pores are uniform and for type H3 they 
are non-uniform in size and/or shape. Hysteresis is usually due to different behaviour exhibited 
by the pores during desorption compared to during adsorption. For instance, in pores formed 




desorption (radius = half distance between plates). H3 and H4 hysteresis is often seen in active 
carbons and zeolites.21,24  
Samples that exhibit no hysteresis usually have blind cylindrical, cone-shaped and wedge-
shaped pores (Fig. 2.8).   
The surface area of a sample is measured by the volume of N2 required to form a complete 
monolayer on the samples surface. However, the N2 molecules can also form multilayers as the 
monolayer is filled. The BET method compensates for the formation of multilayers and allows 














where P is the equilibrium pressure, V is the volume of gas absorbed at P, Po is the saturation 
pressure, Vm is the volume of gas required to cover the surface in one monolayer, and C is a 
constant related to the heat of condensation.  
A plot of 1/V(Po-P) against P/Po in the range of 0.05 <P/Po <0.35 produces a linear relationship, 
the gradient of which provides the value of Vm. Values of P/Po below 0.05 underestimate 
adsorption and values above 0.35 overestimate adsorption. The total surface area (Stotal) and 












where Na is the Avogadro’s constant, A is the area of one nitrogen molecule (0.162 nm
2) and 




The Barrer, Joiyner and Hallenda (BHJ) method is commonly used to measure the mesopore 
volume and mesopore size distribution of solid samples. This method describes the adsorption-
capillary pore condensation process that occurs in mesopores: in the capillary condensation 
region (P/Po>0.4), increase in pressure causes an increase in the thickness of the layer adsorbed 
on the walls of the pore and capillary condensation in empty pores with a radius of rc. This 









where rc is the radius for the cylindrical pores or the distance between the walls of slit-shaped 
pores, γ is the surface tension, wm is the molar volume, and θ is the contact angle. 
The model assumes that the pores are either cylindrical or slit shaped and provides a method 
to calculate the contributions of the thickness of the adsorbed film to the total adsorption, and 
then the core volume. This, in conjunction with the assumed pore geometry, enables the core 
volume to be translated into the pore volume, and the core size into the pore size. By examining 
the isotherm step-by-step in the range 0.42 <P/Po <0.98 in this way, the mesopore volume and 
mesopore size distribution can be calculated.21   
The BET method was used to measure SBET and the BHJ method was used to calculate the pore 
volume and average pore size distribution of the solid samples in this work. A Micrometrics 
ASAP 2010 instrument was used to conduct N2 adsorption porosimetry studies of RPN-SiO2 
and PMo/RPN-SiO2 solid catalyst samples. Samples were pre-treated at 140 
oC under vacuum 
in a tube furnace for 2.5 h and then for a further 2 h at 140 oC on ASAP 2010 to a pressure 
below 8 µmHg to remove all gasses from the pores.   




2.3 Catalyst Reaction Studies 
 
2.3.1 Product Analysis 
Gas-liquid chromatography was used for the quantitative analysis of products from the RPN-
POM catalysed oxidation reactions with H2O2 in this study. 
 
2.3.1.1 Gas-Liquid Chromatography 
Gas chromatography is used for the separation and quantitative analysis of compounds in a 
sample that can be volatilized without decomposition. Separation of the components of the 
volatilities operates on the principle of phase partition; that is, the different affinities that the 
components have for two phases –a mobile gas phase and a stationary solid or immobilised 
liquid phase - and the equilibria they establish as they diffuse between these phases.26  
The sample is injected into an injection port where it is volatilised. The gaseous sample is then 
mobilised through a heated column by an inert or unreactive carrier gas such as nitrogen, 
helium, hydrogen or argon. A liquid layer on an inert support lining the inside of the column 
acts as a stationary phase. As the sample passes through the column its constituent molecules 
interact with the surface groups of the stationary phase which slows the rate at which the 
components travel through the column; the more strongly a compound interacts with the 
surface, the more slowly it will pass through the column. The time that it takes a component to 
pass through the column is called the retention time. A constituent’s functional groups 
influence how strongly or weakly they interact with the stationary phase and/or the gas phase. 
The number, size and type of functional groups will, thus, influence the retention time. The 
overall size of a constituent will also affect retention time. Different constituents of different 




Once components have passed through the column they then enter a detector where they are 
analysed using spectroscopic or thermal/electrical conductance techniques. The results are then 
plotted as a function against time to give the final chromatogram of the sample. 
A diagram showing the typical set-up of gas chromatographic instrumentation is shown in Fig. 
2.11. 
 
Fig. 2.11. General set-up of gas chromatographic instrumentation. 
 
2.3.1.1.1 Injection Port – Split/Splitless Inlet 
Injection ports (or column inlets) provide a method for delivery of the sample onto the GC 
column. Many GC systems use a split/splitless inlet (Fig. 2.12). This was the type of delivery 
system used to introduce sample in our work. The sample is injected through a rubber septum 
using a microliter syringe into the heated inlet where it is volatilised and mixes with the carrier 
gas. The resulting sample gas is contained inside a quartz glass liner and continued flow of 




injector body and into the split line. If the split valve is open, then the sample gas traveling via 
the latter route is purged out from the system.    
 
Fig. 2.12. Split/splitless injection port. 
 
The amount of sample entering the column is dependent on the relative flow rates through the 
column and through the split line. This is called the split ratio. The higher the split ratio the 
smaller the amount of sample passing through the column. The flow of sample gas through the 
liner (liner flow) is dependent on both the flow through the split line (split flow) and the flow 




2.3.1.1.2  Column 
In gas chromatography, the column is responsible for the separation of components in a sample 
mixture. It is the column that contains the stationary phase for the separation process. The most 
commonly used columns have a thin liquid film (0.1-0.5 µm) constituting the stationary phase 
which coats the inner wall of the capillary (Fig. 2.13). These columns are termed “capillaries” 
due to their small inner diameters (0.1-0.5 mm) and typically have lengths of 10-100 m. 
Although “partition” describes the distribution of a molecule between two immiscible solution 
phases, the term is still commonly used in gas-liquid chromatography (GLC) to describe the 
distribution of a given solute/analyte between the gas phase and the stationary liquid phase on 
the surface of the column. In this case, it is helpful to view the gas phase as a pseudo-solvent 
or gaseous eluent for the volatilised analytes.  
  
 
Fig. 2.13. Organisation of layers in an open tubular capillary column.26 
 
The retention of analytes on the column depends on the columns efficiency. This is described 




the analyte equilibrates between the mobile phase and the stationary phase. The more efficient 
the column is, the smaller plate the height will be, the more equilibrations will occur in the 
length of the column and the more time the analyte will spend on the column which will result 
in a longer analyte retention time. A highly efficient GC column is one which is long in length 
with a narrow internal diameter and thin film stationary phase. Efficient columns provide the 
best separation of analytes as each analyte will have a different affinity for the stationary phase.   
   
2.3.1.1.3 Stationary Phase 
The stationary phase inside the capillary column of a gas chromatogram plays a vital part in 
the separation of the analytes in a sample. An ideal stationary phase is one that is selective and 
has a different adsorptivity for each component to ensure separation, and can also operate over 
a wide temperature range. It also must be chemically and thermally stable, with a low vapour 
pressure at high operating temperatures. 
There are two main types of stationary phase, nonpolar and polar. When a nonpolar stationary 
phase is used, there will be very little interaction between the sample compounds and the 
stationary phase, and separation will occur because of the different boiling points of the 
compounds. When a more polar stationary phase is used, the compounds will be separated due 
to their different polar interactions with the stationary phase and their different boiling points.  
 
2.3.1.1.4  Column Oven and Temperature Control 
The column oven controls the column temperature in the chromatogram. Heating is uniform 
along the length of the column to ensure thermodynamic equilibrium is maintained throughout 




atmospheric temperature. Retention of compounds on a column is temperature dependent. 
Increasing the temperature typically reduces the retention for most compounds.  
 
2.3.1.1.5 Detector 
Once a sample has passed through the column, its presence and/or relative concentration can 
be measured by a detector. The outlet of the column is directly attached to the detector in the 
chromatograph for this purpose. One type of detector most commonly used in tandem with gas 
chromatography is a flame ionisation detector (FID). This detector was used for the analysis of 
our samples. The analyte is ionised in a flame composed of hydrogen and air. These ions are 
then impelled by an electrical potential towards an electrode which produces a small current 
measured in picoamps. This current is then converted to a voltage, amplified, and displayed as 
a point in a chromatogram of electron volts (eV) vs. time (often min).  
The larger the concentration of the analyte that passes through, the more ions will be formed 
which will induce a stronger current and give a larger reading. If a high concentration of analyte 
passes into the detector over a very short time interval then a very intense, sharp peak will be 
produced in the chromatogram.  A diagram of an FID is shown in Fig. 2.14. 
At the entrance of the detector is a heated zone (300-350 oC) where the carrier gas exits the 
column and is combined with hydrogen gas before entering the flame chamber. Air enters the 
chamber through a separate channel. The flow rate of carrier gas, hydrogen and air is usually 
set to a 1:1:10 ratio. The gas exiting through the jet tip is ignited by the flame ignition coil. The 
flame is sustained by a continuous flow of hydrogen and carrier gas through the jet tip and the 
excess of air in the chamber. The reducing zone of the flame is at the centre close to the jet tip. 
As the analyte passes through the reducing zone of the flame it reacts to form ions. The reaction 











A potential is applied across the collector electrode and the jet tip to measure the change in 
current produced from the ions. 
FID can detect all organic compounds apart from formic acid. The minimum detectable mass 






Once a mixture of compounds has been separated through the column and detected by the 
detector the results are displayed in a chromatogram as a function of retention time versus the 
output signal of the detector measured in appropriate units (e.g. mV for FID). 
 
2.3.1.2 Calibration of Compounds 
It is very difficult to inject the exact same volume of sample onto the GC column each time as 
each injection uses only microliters of sample. Injecting different volumes of sample into the 
chromatogram will introduce different amounts of analyte onto the column which will produce 
signals with different peak areas, i.e. it is impossible to know the exact concentration of a 
compound that has produced a signal peak in the chromatogram due to the large error 
associated with the sample injection volume via this method. To compensate for this, the 
internal standard method can be used. 
When attempting to measure the concentration of an analyte, an internal standard of known 
concentration is added to the sample, and the relative response factor, Rf, of the analyte must 
be calculated. This is the ratio between a signal produced by an analyte and the quantity of 
analyte which produced the signal, using the internal standard as a reference. In mathematical 
terms, it is the inverse of ratio of the proportionality constants, k, for the relationship between 
the signal peak areas and concentrations for the analyte and the internal standard (equations 
2.14-2.17). 
𝑆 =  𝑘 ×  𝑀 ×  𝑉   2.14 


























where S is the analyte signal peak area, So is the internal standard signal peak area, k is the 
analyte proportionality constant, ko is the internal standard proportionality constant, M is the 
number of moles of analyte, Mo is the number of moles of internal standard, V is the analyte 
sample volume, and Vo is the internal standard sample volume.  
Rf is important as it is used to compensate for the irreproducibility of manual injections. The 
internal standard must be a spectator in the sample mixture and must not interfere with the 
signal of the analyte. In this way, if the injection volumes vary slightly between injections, the 
ratio of peak areas of the analyte and the internal standard will remain constant. Thus, in (eq. 
2.16) V/Vo = 1 and this term becomes negligible, hence, the peak area of the internal standard 
can be used as a reference for the value of the peak area for the analyte (eq. 2.17). Even if the 
concentration of analyte varies between samples, so long as the concentration of the internal 
standard is known then the concentration of the analyte can be calculated from the ratio of the 
peak areas and Rf.  
Rf can be calculated, or calibrated, by injecting solutions (standards) into the GC and recording 
the peak area counts of the corresponding signals for the internal standard (So) and the analyte 
(S). Each standard has a known concentration of the internal standard (Mo), and a known 
concentration of analyte (M) which is different for each standard. Rearrangement of eq. 2.17 
gives eq. 2.18. A plot of the ratio of signal peak area counts (S/So) against the corresponding 
ratio of the concentrations (M/Mo) for each standard produces a graph which obeys eq. 2.18, 
the gradient of which is Rf of the analyte to the GC referenced to the internal standard. 
𝑀
𝑀𝑜







Figs. 2.15 through 2.24 show the calibration plots used to calculate the Rf values for each 
compound. Table 2.1 summarises the Rf values, retention times and boiling points of reactants 
and products tested for the epoxidation of olefins and oxidation of benzonthiophenes by H2O2. 
The Rf values were measured using the GC-FID set-up and temperature programmes outlined 
in Chromatograph Specifications (Section 2.3.1.3 below).  
 
 
            Fig. 2.15. Cyclooctene calibration.            Fig. 2.16. Epoxycyclooctane calibration. 
 
              Fig. 2.17. 1-Hexene calibration.                     Fig. 2.18. 1,2-Epoxyhexane calibration. 
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            Fig. 2.19. Cyclohexene calibration.               Fig. 2.20. Epoxycyclohexane calibration. 
 
              Fig. 2.21. Epoxyoctane calibration.                  Fig. 2.22. Benzothiophene calibration. 
 
        Fig. 2.23. Dibenzothiophene calibration.                         
 
 
y = 2.319x - 0.0326
R² = 0.9989










y = 2.1318x + 0.0207
R² = 0.9999










y = 1.9344x + 0.021
R² = 1










y = 1.5565x + 0.0032
R² = 1











y = 1.0824x + 0.0169
R² = 1












y = 1.0098x - 0.0086
R² = 0.9997


















Table 2.1. Boiling points, retention times and relative response factors (Rf) of compounds 














Decane 174 6.9 – 7.0 1.0 - 
Dodecane 216 8.4 - 8.5 - 1.0 
Cyclooctene 146 5.7 - 5.8 1.37 - 
Epoxycyclooctene 189.3 7.9 - 8.0 1.61 - 
1-Hexene 63 2.2 - 2.3 1.93 - 
1,2-Epoxyhexane 118 4.3 - 4.4 2.14 - 
Cyclohexene 83 2.9 - 3.0 - - 
Epoxycyclohexane 130 5.0 - 5.1 2.29 - 
1,2-Octene 121 4.1 - 4.2 - - 
1,2-Epoxyoctane 170 6.4 - 6.5 - 1.94 
Benzothiophene 221 8.7 - 8.8 - 1.56 
Dibenzothiophene 333 13.8 - 13.9 - 1.08 
4,6-
Dimethyldibenzothiophene 




2.3.1.3 Chromatograph Specifications  
In this work, samples were run on a Varian Chrompack CP-3380 Gas chromatograph equipped 
with FID and a 25 m × 0.32 mm × 0.5 µm BP1 (100% dimethyl polysiloxane) capillary column. 
Nitrogen was employed as a carrier gas at a flow rate of 2 mL/min. Nitrogen was also used as 
FID make-up gas at a flow rate of 30 mL/min. The split ratio was 1:20. The injector and detector 
temperatures were set at 250 oC and 300 oC, respectively. 
The column oven was set using the following temperature programmes for analysis of reactants 
and products of olefin epoxidation (Fig.16) and benzothiophene oxidation (Fig. 17) reactions, 
respectively: 
 
Fig. 2.25. Temperature programme for the GC column for analysis of olefin epoxidation 
reaction samples. 
Fig. 2.26. Temperature programme for the GC column for analysis of benzothiophene 





Titration is a quantitative analytical technique which is used to determine the unknown 
concentration of an identified solution. Typically, a solution of known concentration (titrant) 
is slowly added to a known volume of sample solution with an unknown concentration (titrand) 
until a notable “end-point” is observed. The end-point can correspond to a colour change, a 
product precipitating or, in the case of a potentiometric titration, the formation of a peak in the 
analysed data.     
The following reaction occurs when aqueous potassium permanganate solution is added to 
hydrogen peroxide solution acidified with dilute sulfuric acid: 
 
This reaction is used to determine the concentration of H2O2 in a solution. Titration with 
KMnO4 gives a colourless solution when H2O2 is present and turns the solution pink when all 
the H2O2 has reacted, signifying the end-point. 
The remaining H2O2 at the end of our biphasic oxidation reactions was determined by titration 
of the remaining aqueous phase with KMnO4 (0.005 M) to calculate the H2O2 selectivity of the 
reaction. H2O2 selectivity was given by: 
𝐸𝑝𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝐻2𝑂2 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙)
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐻2𝑂2 − 𝐹𝑖𝑛𝑎𝑙 𝐻2𝑂2) (𝑚𝑜𝑙) 
 × 100 2.19 
𝐷𝑒𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐻2𝑂2 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
=  
2 × 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙)
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐻2𝑂2 − 𝐹𝑖𝑛𝑎𝑙 𝐻2𝑂2) (𝑚𝑜𝑙) 






2.3.3 Reaction Studies 
Unless specified otherwise, all reactions in this study were conducted in a 50 mL jacketed glass 
reactor equipped with a magnetic stirrer, a reflux condenser and a Jencons Julabo heat 
circulator. The equipment set-up is shown in Fig. 2.27. 
 
Fig. 2.27. Set-up of equipment for reactions.  
 
In this work, decane or dodecane was used as an internal standard for biphasic oxidation with 
H2O2. Samples of the organic layer were collected after set time intervals during the reaction 
and injected into a GC-FID for analysis (for GC specifications, see above). The moles of 
reactant or product were calculated from the area counts of the corresponding peaks and 
internal standard peak in accordance with equation 2.21.  
𝑀 = 𝑅𝑓  ×
𝑆
𝑆𝑜 
 × 𝑀𝑜 2.21 
where Rf is the relative response factor of the reactant or product, S/So is the ratio of the signal 




concentration of internal standard. The yield of product (%) and conversion of reactant (%) 
were then calculated using equations 2.20 and 2.21, respectively. 
𝐸𝑝𝑜𝑥𝑖𝑑𝑒 𝑦𝑖𝑒𝑙𝑑 =  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐻2𝑂2 (𝑚𝑜𝑙)
 × 100 2.22 
𝑆𝑢𝑙𝑓𝑜𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 =  
2 × 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙)
2
3 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐻2𝑂2 (𝑚𝑜𝑙)
 × 100 2.23 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡) (𝑚𝑜𝑙)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 (𝑚𝑜𝑙)
 × 100 2.24 
 
The product yield (%) or the conversion of substrate (%) was then plotted against the 
corresponding reaction time in a scatter plot to trace the progress of the reaction (see example 
in Fig. 2.28).  
 
Fig. 2.28. Plot of conversion of DBT versus time for desulfurization of heptane model diesel 
































2.3.3.1 RPN-POM Catalysed Biphasic Oxidation Reactions with H2O2 
The oxidation of benzothiophenes and epoxidation of alkenes were carried out in an aqueous 
biphasic system containing toluene, n-heptane or 1,2-dichloroethane as an organic solvent and 
aqueous H2O2 at 25-60 
oC in a 50 mL glass reactor equipped with a magnetic stirrer, a reflux 
condenser and a heat circulator. The methodologies for the reactions are outlined below. The 
reactions were carried out at a stirring speed of 1000 rpm; at stirring speeds above 500 rpm, 
the reaction rate did not depend on the stirring speed. Blank experiments showed that no 
reaction occurred in the absence of POM, and practically no reaction was observed for olefin 
epoxidation or oxidative desulfurization in the presence of POM without RPN. The reactions 
were monitored by taking aliquots from the organic phase and submitting them to GC analysis. 
After reaction, the amount of remaining H2O2 was determined by titration with KMnO4 for the 
efficiency of hydrogen peroxide use to be estimated. The mean absolute percentage error in 
conversion and product yield was ≤ 5%.  
For catalyst reuse, the catalyst was separated after reaction by complete evaporation of the 
reaction mixture under vacuum, washed with hexane and reused. In the case of DBT oxidation, 
this procedure led to accumulation of the product sulfone which did not affect catalyst 
performance in consecutive runs. Excess sulfone could be removed by precipitation from 
toluene. 
 
2.3.3.1.1 Epoxidation of Olefins 
The epoxidation of olefins was carried out using one of two methods: 
Method 1: POM (0.0065 mmol), RPN (0.0395 mmol), organic solvent (5 ml), H2O (0.2 ml) 




mixture was stirred initially at room temperature whilst the heat circulator was switched on. 
Once the desired reaction temperature had been established, the reaction mixture was stirred 
for a further 5 minutes. 5 ml of a solution composed of cyclooctene (6.78 mmol), decane as 
internal standard (2.13 mmol) and organic solvent was added to start the reaction. Aliquots 
were taken from the organic layer after 0, 5, 10, 15, 20, 30, 45, 60, 90 and 120 minutes, 
centrifuged and analysed using GC to track the progress of the reaction. 
Method 2: POM (0.0086 mmol), H2O (0.2 ml), H2O2 (30% w/v, 0.1 ml, 1.01 mmol), organic 
solvent (5 ml) and 5 ml of a solution composed of cyclooctene (9.71 mmol), decane as internal 
standard (2.13 mmol) and organic solvent were added to the reactor vessel. The resulting 
mixture was stirred initially at room temperature for 2 minutes to activate the catalyst. The 
mixture was then heated to reaction temperature and RPN (0.0515 mmol) was added to start 
the reaction. Aliquots were taken from the organic layer after 0, 5, 10, 15, 20, 30, 45, 60, 90 
and 120 minutes, centrifuged and analysed using GC to track the progress of the reaction. 
 
2.3.3.1.2 Oxidative Desulfurization 
The heat circulator was first heated up and stabilized at the desired reaction temperature (25-
60 oC). Then, organic solvent (5 ml), RPN (0.0023 mmol), hydrogen peroxide (30% w/v, 0.15 
ml, 1.5 mmol) and POM (0.0056 mmol) were added to the reactor vessel and stirred for 5 min. 
Finally, the sulfur compound (0.5 mmol) and standard (0.4 mmol) were dissolved in solvent (5 
ml) and added to reaction mixture. Aliquots were taken from the organic layer after 2, 5, 10, 






2.3.3.2 POM/RPN-SiO2 Catalysed Biphasic Oxidation Reactions with H2O2 
The oxidation of benzothiophenes and epoxidation of alkenes were carried out in an aqueous 
biphasic system containing toluene, n-heptane or 1,2-dichloroethane as an organic solvent and 
aqueous H2O2 at 25-60 
oC in a 50-mL glass reactor equipped with a magnetic stirrer, a reflux 
condenser and a heat circulator. The reactions were conducted using the methodologies 
outlined below. All reactions were stirred at a rate of 1500 rpm unless specified otherwise. The 
reaction rate did not depend on the stirring speed in the range of 1000-1500 rpm, which 
indicates no limitation by external diffusion. The reactions were monitored by taking aliquots 
from the organic phase and submitting them to GC analysis. 
After reaction, the amount of remaining H2O2 was determined by titration with KMnO4 for the 
efficiency of hydrogen peroxide use to be estimated. The mean absolute percentage error in 
conversion and product yield was ≤ 10%. 
 
2.3.3.2.1 Oxidative Desulfurization  
POM (0.0056 mmol), H2O2 (30% w/v, 0.15 ml, 1.51 mmol), dodecane as internal standard (0.4 
mmol), DBT (0.5 mmol) and heptane (10 ml) were combined in the reactor vessel. The mixture 
was then stirred for 2 minutes at room temperature to allow the catalyst to activate. The vessel 
was then heated to reaction temperature and RPN-SiO2 (0.0056 mmol surface RPN) was added 
to start the reaction. Aliquots were taken from the organic layer after 0, 5, 10, 15, 20, 30, 45, 
60, 90, 120 and 180 minutes, centrifuged and analysed using GC to track the progress of the 
reaction. 
For catalyst reuse, the initial reaction was run using the above procedure. After reaction, the 




catalyst powder in the reactor vessel was washed with 2 x 5 mL of acetonitrile to remove the 
sulfone product then washed with heptane (5 mL) using a centrifuge. The catalyst was dried at 
ambient temperature overnight. The dried catalyst was added back to the reactor along with 
specified amounts of H2O2, dodecane, benzothiophene, and heptane (10 mL) for the next run.  
 
2.3.3.2.2  Epoxidation of Olefins 
POM (0.0062 mmol), H2O2 (10% w/v, 0.3ml, 1.01 mmol), decane (2.13 mmol), cyclooctene 
(9.71 mmol) and organic solvent (10 ml) were combined in the reactor vessel. The reaction 
mixture was then stirred for 2 minutes at room temperature to allow the catalyst to activate. 
The vessel was then heated to reaction temperature and RPN-SiO2 (0.0062 mmol surface RPN) 
was added to begin the reaction. Aliquots were taken from the organic layer after 0, 5, 10, 15, 
20, 30, 45, 60, 90, 120, 180, 240 and 300 minutes, centrifuged and analysed using GC to track 
the progress of the reaction. 
For catalyst reuse, the initial run used PMo (0.0062 mmol), BzPN-SiO2 (0.0062 mmol surface 
BzPN), H2O2 (10% w/v, 0.3 mL, 1.01 mmol), decane (2.13 mmol), cyclooctene (0.971 mmol) 
and DCE (10 mL). The reaction was carried out at 60oC and 1500 rpm stirring speed. After 
reaction, the catalyst powder was isolated by decanting off the reaction mixture and washed 
with 2 × DCE washings (5 mL) and dried at room temperature and pressure overnight. 
Subsequent runs reused catalyst powder with fresh H2O2 (0.3 mL, 1.01 mmol, 10% w/w), 





2.3.3.3 Epoxidation of Olefins Catalysed by Eutectic RPN-POMs 
Eutectic RPN-POM (0.0125 mmol) was added to a vial equipped with a magnetic stirring bar. 
To this, olefin (3.4 mmol unless otherwise specified) and aqueous H2O2 (3 mmol, 30 % w/v) 
was added which was then stirred in an oil bath at 60C for 4 hours. After reaction was stopped, 
toluene (5 mL) containing decane (2.14 mmol) was added to the mixture which was then stirred 
for an additional 30 seconds. The mixture was then left standing to allow layers to separate 
before the organic layer was isolated for analysis. 
For catalyst reuse, heptane was used in place of toluene as this solubilised the reactants and 
products but did not appear to solubilize the catalyst. Once products/reactants were removed, 
catalyst was washed with heptane and dried in an oven at 100 oC for 30 min before re-use.  
For kinetic testing at different stirring speeds, HexCyPN-PMo (0.0125 mmol), cyclooctene (30 
mmol), decane (2.14 mmol) and aqueous H2O2 (3 mmol, 30 % w/w) was added to a 50 mL 
jacketed glass reactor vessel equipped with a magnetic stirrer, heat circulator and reflux 
condenser. Reaction was conducted at 60 oC and stirred at the required speed.  
The reactions were monitored by taking aliquots from the organic phase and submitting them 
to GC analysis. Epoxide yield (%) was calculated using eq. 2.20, substrate conversion (%) was 
calculated using eq. 2.21, H2O2 selectivity (%) was calculated using eq. 2.22, and mass balance 
(%) was calculated using eq. 2.23. The mean absolute percentage error for product yield, 
conversion, selectivity and mass balance were ≤ 4%.     
𝐻2𝑂2 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝐸𝑝𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙)
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝐹𝑖𝑛𝑎𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) (𝑚𝑜𝑙)
 × 100 2.25 
  
𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =  
(𝐸𝑝𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐹𝑖𝑛𝑎𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) (𝑚𝑜𝑙)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙)
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3. System One: Homogeneous Catalysis – 
Biphasic Oxidation Reactions with 
Hydrogen Peroxide Catalysed by RPN-
POM Salt Aggregates 
3.1 Introduction  
The biphasic oxidation of olefins and desulfurization of fuels are reactions of interest in both 
industry and academia.1–9 Oxidation of olefins is used to produce epoxides which are important 
precursors for epoxy resins, surfactants and paints, and are key intermediates in organic 
syntheses.10–16 Oxidative desulfurization is an emerging technology for the removal of heavy 
aromatic organosulfur compounds from vehicular diesel fuels, which cannot be easily removed 
by commercialized processes (e.g. hydrodesulfurization, HDS) without increasing the cost of 
processing and compromising fuel quality.17–19 It is important that sulfur-containing 
compounds are removed from fuels as their combustion produces SOx species which are 
harmful to health and the environment. Many of the biphasic systems used for these processes 
employ polyoxometalates (POMs) - nano-sized metal-oxygen cluster anions - as catalysts 
because of the rich variety of structures they can possess, their diverse range of mechanical and 
electronic properties, and the functional versatility that these attributes provide.20 Keggin-type 
POMs are the most heavily investigated and widely used. These compounds, comprised of 
twelve oxygen-sharing MOx polyhedra (most typically M = Mo
VI, WVI and VV) which 
encapsulate a central tetrahedron ([XO4]
n-, typically X = PV, SiIV etc.), have found applications 
in various chemical disciplines,21–25 of which catalysis has found the most success. There is 




solution to form peroxo POM species, e.g., the Venturello complex {PO4[WO(O2)2]4}
3-,4 which 
are suggested to be the active intermediates in POM-catalysed oxidations with H2O2.
4–9 
Oxidation in biphasic systems, which are composed of an organic layer and an aqueous layer 
(Scheme 3.1), is attractive in catalysis as it can enable product separation through the relative 
solubilites of the catalyst and product in the two phases. These systems require the use of an 
efficient phase-transfer catalyst (PTC) that functions as a ligand to transfer the active peroxo 
species across the solvent interface;4–9 a process which has been extensively researched, both 
in terms of phase-transfer catalysis in general26 and, specifically, PTC mediated phase-transfer 
of peroxo POMs.27–30 Often  quaternary ammonium cations with C8-C18 alkyl groups are used 






31–38 However, these catalysts can 
be cumbersome to prepare, and the systems in which they are used can suffer from catalyst 
deactivation and difficult separation of the catalyst and product once the reaction is completed.5 
 





In this work, alkylaminocyclotriphosphazenes, (RNH)6P3N3, labelled hereafter as RPN, have 
been identified as alternative PTCs to quaternary ammonium cations for POM-catalysed 
biphasic oxidations with H2O2, due to the remarkable properties that cyclophosphazenes 
generally possess. Indeed, cyclic and polymeric phosphazenes are renowned for their chemical 
and thermal robustness which has seen them used as high performance elastomers, fire 
retardants, electrolytes and biomedical applications.39–41 Alkylaminocyclophosphazenes are 
easy to prepare in one-step reactions from commercially available 
hexachlorocyclotriphosphazene and a wide range of primary amines.42 The phosphazene ring 
is extremely inert towards concentrated acids and bases, even at elevated temperatures.43,44 One 
or two of the ring nitrogen sites can be protonated to yield mono- or dications, RPNH+ and 
RPNH2
2+, respectively (Scheme 3.2),45,46 which can be used to form salt complexes with 
suitable anions.47–51 The lipophilic alkylamino substituent groups attached to exocyclic 
positions at the phosphorus sites of the ring render these compounds soluble in non-polar 
solvents and also provide numerous hydrogen bonding sites. This provides them with unique 
surfactant qualities and makes them versatile building blocks for supramolecular assemblies.52 
 
Scheme 3.2. Structures of neutral (RPN), monoprotonated (RPNH+) and diprotonated 
(RPNH2
2+) alkylaminocyclotriphosphazenes. 
In this work, we have investigated RPN-POM composites as catalysts for biphasic oxidations 




3.1.1 RPN-POM Aggregate Salts 
In this study, RPN-POM salt aggregate catalysts were typically formed in situ in the preparation 
of the reaction mixtures for biphasic oxidation reactions with H2O2. Though the salt aggregates 
discussed in this section did show catalytic activity when added to these systems pre-formed, 
they were mostly isolated to examine the intermolecular interactions between the RPNs and 
POMs in the solid-state and to try to better understand the interactions that may occur in 
solution. 
Characterisation of the RPN-POM aggregate salts was mostly carried out during my 
undergraduate project and some of the findings have already been published.53 A discussion of 
their characterisation has been included here to provide a more complete picture of the work 
that has been undertaken in this study. 
RPN-POM aggregate salts were formed through simple self-assembly processes by combining 
stoichiometric ratios of RPN and heteropoly acid hydrates in methanol. The salt products were 
isolated by evaporation of the solvent. To produce crystals for single crystal X-ray analysis, 
components were combined in RPN:POM molar ratios of 4:1 for H4SiW12O40 and both 3:1 and 
6:1 for H3PMo12O40 and H3PW12O40, using BzPN, iBuPN and iPrPN. Crystals suitable for X-
ray structure determination were obtained from batches [iBuPN:H4SiW12O40 (4:1)], 
[iPrPN:H3PW12O40 (3:1)], [iBuPN:H3PW12O40 (3:1)] and [iPrPN:H3PW12O40 (6:1)]. 
Analysis of [iBuPN:H4SiW12O40 (4:1)] yielded a [iBuPNH]4[SiW]·2CH3OH structure. 
Evidence of P3N3 ring protonation was provided by lengthening of the P-N bonds neighbouring 
the protonated N sites to 1.66 Å,54 compared to ~1.60 Å typically seen in the ring bonds of 
neutral RPNs.53–55 The protonated ring atoms were orientated towards the [SiW]4- ion within 
hydrogen-bonding distance, with four [iBuPNH]+ ions surrounding one polyanion with a total 




four exocyclic NH sites as shown in Fig. 3.1 A. The extended structure in Fig. 3.1 B shows the 
crystal packing. 
 
Fig. 3.1 Crystal structure of [iBuPNH]4[SiW]·2CH3OH: (a) [iBuPNH]4[SiW] unit, (b) crystal 
packing structure. WOx polyhedra, green; SiO4, turquoise; P, purple; N, blue; H, red; alkyl 
groups, grey; hydrogen bonds, red dotted lines.53  
 
Crystals of 3:1 [RPN]:[PW] yielded [iPrPNH][iPrPNH2][PW]·6CH3OH and 
[iBuPNH][iBuPNH2][PW]·3H2O·CH3OH structures, in which RPN is present as mono- and 
dications, [RPNH]+ and [RPNH2]
2+, respectively. The additional proton is disordered between 






Fig. 3.2. Crystal structure of [iPrPNH][iPrPNH2][PW]·6CH3OH highlighting the disorder of 
the extra RPN cation proton between the two rings through a chain of hydrogen-bonded MeOH 
molecules.53  
 
Crystals of 6:1 iBuPN and H3PW12O40 were relatively poor and only P and W atoms were 
distinguishable. Nevertheless, a structure was determined which showed an octahedral 
arrangement of the phosphazene ligands around a central [PW]3- ion, with a likely composition 
of [iBuPNH]3[PW]·3iBuPN·xsolvent (Fig. 3.3). It was believed there were only three 
[iBuPNH]+ cations due to the total number of protons provided by the parent H3PW12O40 and 





Fig. 3.3. Octahedral assembly of [iBuPN]3[iBuPNH]3[PW] modelled from the positions of W 
and P atoms.53 
 
Preliminary oxidative desulfurization and epoxidation results found RPN-PW catalysts to be 
most efficient in 6:1 [RPN]:[POM] molar ratio, giving 100% and >99% conversion of DBT to 
sulfone and conversion of H2O2 to epoxide, respectively, in toluene/H2O systems using BzPN-
PW catalyst. Reactions in this study were also most effective using 6:1 ratio, thus, 
characterisation of 6:1 RPN-POMs from this work will be discussed here for context. 
Elemental analyses of RPN-PWs (see Section 2.1.2) show that the isolated species weren’t the 
pure (RPN)6PW as expected. It is likely that there were distributions of the number of RPN 
coordinating around each PW in a sample, with some uncoordinated RPN washed away during 
product isolation. Some PW may have also partially degraded to form lacunary PW species 
which the RPNs can coordinate to and could, therefore, also be present in the samples. Some 
of the products of PW degradation that weren’t coordinated to RPN (e.g. W mono-oxo species) 
could have remained soluble in the reaction solvent and/or been washed away during filtration, 




molecules may have also been incorporated into the crystal structures of the isolated 
compounds.    
UV-vis spectra of all RPN-PW in MeOH each had a single, broad peak with λmax in the range 
of 263-268 nm, which correspond with the single, broad peak at 268 nm recorded for PW in 
MeOH. These broad peaks result from oxygen to W(VI) charge-transfer of the terminal, edge 
and corner-sharing oxygens in PW W-O bonds. The literature shows that degradation of PW 
causes λmax of this peak to shift by > 10 nm from 268 nm.
56 As there was little change in the 
position of λmax in the salts compared with λmax of PW, this indicated that the PW structure 
remained intact within the different RPN-PW salts. Peaks in the range of 190-210 nm were 
typically assigned to RPNs.57  
FTIR spectra of all RPN-PW compounds showed characteristic peaks for RPN and PW. Fig. 
3.4 compares PW and BzPN-PW spectra; characteristic PW peaks can be seen in the BzPN-
PW spectrum at 944 cm-1 (W=O), 863 cm-1 (W-O-W corner-sharing) and 791 cm-1 (W-O-W 
edge-sharing), which confirms that PW or its lacunary derivatives were present in the sample. 
The peak at 1076 cm-1 (P-O) overlaps with the peak at 1091 cm-1 (P-N) from the BzPN ring. 
 




TGA for iPrPN, iBuPN and BzPN, as well as for the corresponding PW aggregates, are shown 
in Fig. 3.5-3.7. These phosphazenes decompose at ~300 oC, with a decomposition onset at 150 
oC for iPrPN, 180 oC for iBuPN, and 170 oC for BzPN. The corresponding RPN-PW 
composites exhibited higher thermal stability, showing decomposition onsets at 260 oC for 
iPrPN-PW, 280 oC for iBuPN-PW and 195 oC for BzPN-PW.53  
 
Fig. 3.5. TGA for iBuPN (left) and iBuPN-PW (right) under N2. 
 





Fig. 3.7. TGA for BzPN (left) and BzPN-PW (right) under N2. 
 
3.2 Phase-Transfer of POM Facilitated by RPN 
Alkylaminocyclophosphazenes, RPN, solubilize Keggin POMs and their peroxo derivatives in 
non-polar solvents, such as toluene, n-heptane or 1,2-dichloroethane (DCE), making them 
efficient and recyclable catalysts for biphasic oxidations with hydrogen peroxide through facile 
phase-transfer of POM facilitated by RPN. 
In the absence of RPN, the POMs were insoluble in these organic solvents. After shaking an 
aqueous solution of H3PW12O40 with toluene or DCE in the absence of RPN no PW was present 
in the organic phase. However, in presence of RPN, PW transfer from aqueous to organic phase 
was clearly observed by 31P NMR (Fig 3.8) and UV-Vis spectroscopy (Figure 3.9). The 31P 
NMR of the toluene phase after shaking the iBuPN-PW (2:1)/toluene-H2O system shows the 
presence of PW12O40
3- anion (peak at ca. -14 ppm) together with a small amount of another 
anion (ca. -11 ppm), which can be attributed to the PW11O39
7- lacunary anion as it is known 
that PW12 undergoes degradation to PW11 at pH > 2.
24 The doublet at 13 ppm and triplet at 15 
ppm can be attributed to the monoprotonated phosphazene iBuPNH+ (Figure 3.8) bound to the 




at 19.6 ppm. After shaking BzPN and PW in a (6:1)/DCE-H2O system, UV-Vis analysis of the 
DCE phase shows a broad charge transfer band from PW peaked at 268 nm (Figure 3.9), which 
confirms the presence of PW in the DCE phase. 
 
Fig 3.8. 31P NMR of organic phase separated from toluene (5 mL) – water (1 mL) biphasic 




Fig. 3.9. UV-Vis spectrum of DCE phase after shaking the BzPN-PW (6:1)/DCE-H2O system 
{PW (6.48 10-3 mmol), BzPN (38.9 10-3 mmol), DCE (10 mL), H2O (0.5 mL)}. DCE phase 





















Fig 3.10 shows the effect of the ratio of [RPN]/[PW] on PW phase-transfer by RPN as a 
function of absorbance by PW (at ca. 268 nm) for different RPNs. Assuming more absorbance 
equals a greater amount of PW transferred into the organic layer, BzPN appears to be the most 
effective PTC, followed by iBuPN and, finally, iPrPN. There appears to be a maximum transfer 
for iBuPN and iPrPN at a 3:1 ratio, after which, transfer appears to dip and plateau, whereas 
phase-transfer with BzPN continues to increase beyond a 3:1 ratio, albeit by smaller increments 
between ratios than was seen before 3:1. It is suggested that these observations are due to the 
way in which the RPNs can encapsulate the PW with respect to their size. At a stoichiometric 
ratio of 3:1, three [RPNH]+ ions can encapsulate one PW3- ion to give a neutral complex 
[RPNH]3PW. Beyond a 3:1 ratio, the smaller iBuPN and iPrPN could increase in coordination 
number around each PW that has been transferred into the organic layer, meaning that beyond 
3:1 ratio the excess RPNs are not transferring any more PW into the organic layer. BzPN, on 
the other hand, is much bulkier due to the large Bz groups meaning coordination numbers 
around PW will be smaller than the other RPNs and so increasing [BzPN] continues to increase 
PW transfer, but at a slower rate above 3:1 [BzPN]/[PW].   
Phase-transfer of peroxo PW species was observed after stirring iBuPN-PW (6:1)/toluene-
H2O2-H2O and BzPN-PW (6:1)/DCE-H2O2-H2O systems, where H2O2 was added in a 150-fold 
excess to PW. Fig. 3.11 shows the 31P NMR spectrum of iBuPN-PW (6:1) in toluene, where 
the peaks in the range of -5 to +9 ppm can be attributed to several peroxo PW species, including 
{PO4[WO(O2)2]4}
3-.7,8 The UV-Vis spectrum of the DCE phase (Fig. 3.12) shows two broad 






Fig. 3.10. UV-Vis absorbance of PW in the DCE phase in DCE/H2O system at different 
RPN/PW molar ratios. PW (6.478x10-6 mol), (0.5 mL) H2O (10 mL) DCE in initial systems 
with required [RPN] (mol) at RT.  Maximum absorbance for the PW peak measured at ~268 
nm. 
 
Fig. 3.11. 31P NMR of organic phase separated from toluene (3 mL) – water (1 mL) biphasic 
system containing PW (6.48 10-2 mmol), H2O2 (10 mmol) and iBuPN (0.39 mmol) after stirring 



























Figure 3.12. UV-Vis spectrum of DCE phase after shaking the PW-BzPN (1:6)/DCE-H2O2-
H2O system {PW (6.48 10
-3 mmol), BzPN (38.9 10-3 mmol), H2O2 (1.01 mmol), DCE (10 mL), 
H2O (0.3 mL)}. DCE phase was diluted 1:10 with fresh DCE. The two bands are peaked at 250 
and 292 nm. 
 
3.3 Epoxidation of Alkenes 
To test the catalytic ability of the RPN-POM aggregates, the epoxidation of cyclooctene (eq. 
3.1) was first examined, which is typically used as the standard screening test for epoxidation 
catalysts. The reaction was carried out in a biphasic toluene-water system at temperatures 
ranging from 30-60 oC using 10% H2O2 as the oxidant and a 1:6 mixture of PW and BzPN as 
the catalyst. This catalyst was observed to be very efficient even at 30 oC, yielding >99% 








Table 3.1. Epoxidation of olefins catalysed by BzPN-POM in toluene-H2O biphasic 
system.a  




H2O2 efficiencyb (%) 
Cyclooctene PW 3.0 99 >99 
Cyclooctene PMo 2.0 99 >99 
Cyclohexene PMo 3.5 69 73 
1-Octene PMo 24 27 27 
1-Hexene PMo 24 25 26 
a At 30 oC, POM (8.59 10-3 mmol), [POM]/[BzPN] = 1:6, H2O2 (1.01 mmol), olefin (9.71 
mmol), toluene (10.0 mL), H2O (0.3 mL). 
b Epoxide selectivity based on initial [H2O2]. 
Reactions were run using method 2.  
  
Fig. 3.13 demonstrates the relative catalytic activity of different Keggin POMs (PMo, PW and 
SiW) at 50 oC and pseudo-first order conditions, i.e., [H2O2]/[alkene] = 1:10. The relative 
activity decreases in the series: PMo > PW >> SiW which is in line with the stability of these 
POMs to hydrolysis.24 SiW shows the lowest activity, with an induction period of ca. 60 min. 
This is probably due to the high stability of SiW to degradation in aqueous solution,24 which 
makes it difficult to form the active peroxo species required for catalysis. Cyclooctene 
epoxidation with PMo at [H2O2] << [alkene] occurs as almost a zero-order reaction to give 
99% epoxide yield in 0.5 h with >99% H2O2 efficiency (Fig. 3.13). It obeys the Arrhenius 




epoxidation with PW obeys a first-order rate law up to 80% conversion (Fig. 3.15) giving 84% 
epoxide yield (84% H2O2 efficiency) (Fig. 3.13). 
 
Fig. 3.13. Effect of POM for cyclooctene epoxidation catalysed by POM-BzPN in toluene-H2O 
system (50 oC, RPN (5.15 10-2 mmol), [POM]/[BzPN] = 1:6, H2O2 (1.01 mmol), cyclooctene 
(9.71 mmol), toluene (10.0 mL), H2O (0.3 mL)). Reactions were run using method 2. 
 
Fig. 3.14. Arrhenius plot for epoxidation of cyclooctene catalysed by BzPN-PMo in toluene-
H2O system (30-60 
oC, PMo (8.59 10-3 mmol), [PMo]/[BzPN] = 1:6, H2O2 (1.01 mmol), 
cyclooctene (9.71 mmol), toluene (10.0 mL), H2O (0.3 mL); r in mmol min
-1; Ea = 27.1±2.2 kJ 





Fig. 3.15. First-order plot for cyclooctene epoxidation catalysed by BzPN-PW in PhMe-H2O 
system (50 oC, BzPN (5.15 10-2 mmol), [PW]/[BzPN] = 1:6, H2O2 (1.01 mmol), cyclooctene 
(9.71 mmol), toluene (10.0 mL), H2O (0.3 mL); Yt and Y∞ are the yields of epoxide at time t 
and t = ∞). Reactions were run using method 2.  
 
These results can be explained assuming a reaction mechanism through equations (3.2) – (3.4), 
which include degradation of the Keggin POM by hydrogen peroxide to form active peroxo 
species (3.2), alkene epoxidation (3.3) and regeneration of the active peroxo species (3.4).4–8 
Steps (3.2) and (3.4) occur in the aqueous phase or at the interface and step (3.3) in the organic 
phase. With the least stable POM, PMo, the reaction is probably limited by step (3.3), with 
steps (3.2) and (3.4) fast and complete. At [H2O2] << [alkene], this will lead to a zero-order 
reaction. With more stable PW, the reaction is probably limited by regeneration of peroxo 
species (3.4), resulting in a first-order reaction. With the most stable SiW, the degradation step 































This mechanism is also supported by the observation of a short induction period in cyclooctene 
epoxidation with PW when the PW was added last to the reaction mixture to start the reaction 
(instead of adding the alkene or RPN last using methods 1 and 2, respectively – see section 
2.3.3.1.1). This induction period appears to be caused by the relatively slow PW degradation 
in step (3.2). Similar behavior was also observed in DBT oxidation (see below). In contrast, 
neither alkene epoxidation nor DBT oxidation showed such behavior with PMo. 
In the epoxidation of cyclooctene, the catalytic activity was found to increase with the size of 
R group in RPN: iPr < iBu < Bz (Table 3.2) in a PhMe/H2O system. This can be explained by 
increasing phase-transfer efficiency of RPN in this series due to the relative solubility of the 
substituent R-groups in the organic phase. 
Table 3.2. Effect of RPN on cyclooctene epoxidation catalysed by PW in toluene-H2O 
two-phase system.a  
RPN iPrPN iBuPN BzPN 
Initial rate (mmol min-1) 0.0090 0.014 0.022 
a At 60 oC, PW (0.020 g, 6.48 10-3 mmol), RPN (3.95 10-2 mmol) RPN, [PW]/[RPN] = 
1:6, H2O2 (1.01 mmol), cyclooctene (6.78 mmol), toluene (10.0 mL), H2O (0.3 mL). 





The catalytic activity also increased with the RPN/POM molar ratio, reaching a plateau at a 
ratio of 6:1 (Fig. 3.16), which corresponds to complete transfer of catalytically active peroxo-
POM from the aqueous to organic phase. This is confirmed by the very close correlation 
between the initial rate of epoxidation catalysed by BzPN-PW and the intensity of UV-Vis 
absorption band of peroxo PW species at 292 nm (Fig. 3.16 and Fig 3.17, also discussed earlier, 
see Fig 3.10). The relationship between iBuPN-PW and the initial rates (Fig. 3.18 and Fig 
3.19), however, does not match as closely. This can be explained using the interpretation of the 
results from the measurements of absorbance vs. [RPN]/[PW] (Fig 3.10 vide supra), but with 
a slight modification; the size of the peroxo PW species that are formed in the presence of H2O2 
is smaller than the parent PW,34 so iBuPN coordination numbers are smaller, therefore, more 
iBuPN will be available for phase-transfer, thus increasing the rate.     
 
Fig. 3.16. Initial rate of cyclooctene epoxidation catalysed by BzPN-PW in DCE-H2O two-
phase system versus UV-Vis absorbance of PW in the DCE phase at different BzPN/PW molar 
ratios in the presence and absence of hydrogen peroxide. (Initial rates at 30 oC, DCE (10.0 mL), 
H2O (0.3 mL), H2O2 (1.01 mmol), cyclooctene (2.71 mmol), PW (6.48 10
-3 mmol); UV-Vis 
absorbance of PW and peroxo PW in the DCE phase at 268 and 292 nm, respectively). 





Fig. 3.17. Epoxide yield versus reaction time for cyclooctene epoxidation catalysed by BzPN-
PW in DCE-H2O system at various PW/BzPN molar ratios (30 
oC, PW (6.48 10-3 mmol), H2O2 
(1.01 mmol), cyclooctene (2.71 mmol), DCE (10.0 mL), H2O (0.3 mL)). Reactions were run 
using method 1. 
 
Fig. 3.18. Initial rate of cyclooctene epoxidation catalysed by iBuPN-PW in DCE-H2O two-
phase system versus UV-Vis absorbance of PW in the DCE phase at different iBuPN/PW molar 
ratios in the presence and absence of hydrogen peroxide. (Initial rates at 30 oC, DCE (10.0 mL), 
H2O (0.3 mL), H2O2 (1.01 mmol), cyclooctene (2.71 mmol), PW (6.48 10
-3 mmol); UV-Vis 





























































Fig. 3.19. Epoxide yield versus reaction time for cyclooctene epoxidation catalysed by iBuPN-
PW in DCE-H2O system at various PW/iBuPN molar ratios (30 
oC, PW (6.48 10-3 mmol), H2O2 
(1.01 mmol), cyclooctene (2.71 mmol), DCE (10.0 mL), H2O (0.3 mL)). Reactions were run 
using method 1. 
 
In addition to cyclooctene, the BzPN-PMo catalyst was also active for epoxidation of other 
alkenes including cyclohexene and terminal linear alkenes such as 1-hexene and 1-octene 
(Table 3.1). However, the reaction rate and H2O2 efficiency decreased significantly in this 
series in agreement with previous reports. 4–8 
The BzPN-PMo catalyst can be recovered by vacuum distillation and reused without loss of its 
activity as demonstrated in Fig. 3.20, which shows five successive runs for the epoxidation of 





























Fig. 3.20. Catalyst reuse for cyclooctene epoxidation catalysed by BzPN-PMo in toluene-H2O 
system (60 oC, PMo (8.59 10-3 mmol), [PMo]/[BzPN] = 1:6, H2O2 (1.01 mmol), cyclooctene 
(19 mmol), toluene (10.0 mL), H2O (0.3 mL); (1.01 mmol) H2O2 was added at the start of every 
repeat run). Reactions were run using method 2. 
 
The effect of stirring speed was found to have little effect on the rate of the reaction when 
increased above 800 rpm using the best reaction conditions (Fig 3.21). This indicates that mass 
transfer of the peroxo species by BzPN is influenced by the speed of stirring at rates of up to 
800 rpm under typical reaction conditions. Therefore, at the 1000 rpm stirring rate used in our 
reactions mass transfer limitation should be a non-issue. 
 


















Fig. 3.21. Effect of stirring speed for cyclooctene epoxidation catalysed by BzPN-PMo in 
PhMe-H2O system (60 
oC, PMo (8.59 10-3 mmol), [PMo]/[BzPN] = 1:6, H2O2 (1.01 mmol), 
cyclooctene (9.71 mmol), toluene (10.0 mL), H2O (0.3 mL)). Reactions were run using method 
2. 
 
Our catalyst can be compared favorably with one of the best POM epoxidation catalysts – the 
lacunary silicotungstate (nBu4N)4[γ-SiW10O34(H2O)2].
6 This catalyst epoxidizes cyclooctene 
with 30% H2O2 in homogeneous MeCN solution at 32 
oC and otherwise similar conditions, 
giving also 99% epoxide yield with >99% H2O2 efficiency. But in contrast to the 
straightforward preparation of BzPN-PMo, which can also be prepared in situ, the synthesis of 
lacunary silicotungstate is a more elaborate procedure. Another advantage of the BzPN-PMo 
system is that molybdenum-based systems are used instead of tungsten, which reduces the 
catalyst weight by 25-30%.   
 
3.4 Search for Intermediates 
In the search for reaction intermediates, we attempted to isolate the Venturello complex 
{PO4[WO(O2)2]4}





















in the absence of olefin and standard with 1:6 [PW]:[iBuPN] at 60 oC for 30 min. A sample of 
the organic layer was analysed by 31P NMR. When left to cool down to room temperature, a 
yellow powder precipitated from the mixture which was isolated by filtration and recrystallized 
from methanol for single crystal X-ray analysis. A 31P NMR was also recorded for the isolated 
powder in methanol. The spectrum of the organic layer gave a broad, noisy peak at ~ δ14 ppm 
that was ascribed to a mixture of mono- and diprotonated phosphazene species. The broadness 
of the peak is believed to be due to fast proton exchange at the ring N sites in solution. The 31P 
NMR spectrum of the yellow powder (Fig. 3.22) showed that PW had degraded in H2O2 during 
the reaction which was evident from the large number of potential phosphate, peroxo and 
lacunary peaks ranging between –δ5.78 ppm and ~δ6.5 ppm, and the lack of a characteristic 
PW peak at –δ13 ppm.34 Accurate assignment of these peaks is difficult, however, it is 
suggested that the peaks at –δ3.9, 0.39, 2.96 and 4.72 ppm are ascribed to PW4Om, PWOq, 
[HPWO4{WO(µ-O2)(O2)}2]
2-, and {PO4[WO(O2)2]4}
3- species, respectively, in accordance 
with the literature.7,8 Shifts in the spectrum between δ10.42 ppm and δ19.28 ppm may indicate 
the presence of iBuPN cations or species created by partial degradation of iBuPN.  
Attempts to synthesise and isolate a Venturello-type complex with iBuPNH+ cations for 
comparison, using a procedure derived from the literature, was unsuccessful.24,58 
A tetra(peroxo)tungstate (iBuPNH)2[W(O2)4] was isolated from the organic layer of PhMe/H2O 
biphasic system containing H2O2 and iBuPN-PW (6:1) after stirring at 50 
oC, with the iBuPNH+ 
cations solubilizing the tetra(peroxo)tungstate species in the organic solvent. This compound 
was also synthesized from H2WO4, H2O2 and iBuPN in a toluene/H2O system and 
recrystallized from methanol yielding pale yellow crystals.  The single crystal X-ray structure 
consists of the methanol solvate (iBuPNH)2[W(O2)4]∙2MeOH. The W(O2)4
2- ion shows the 





Fig. 3.22. 31P NMR of yellow powder in MeOH (CDCl3 lock) isolated from a PhMe/H2O2 
system in the absence of olefin and standard with 1:6 [PW]:[iBuPN] at 60oC for 30 minutes. 
tetra(peroxo)tungstates.59–62 Protonation of one ring nitrogen site of the phosphazene is 
facilitated by the elongation of the associated P-N(ring) bonds (Fig. 3.23).63,64 The cationic and 
anionic components are connected via hydrogen bonds between NH functions of the 
phosphazenium ions and peroxo groups of the addendum complex anions. Every 
tetra(peroxo)tungstate ion is linked to four phosphazene cations and, in turn, every cation to 
two anions resulting in a ribbon-like arrangement (Fig. 3.24). Methanol molecules, also 
incorporated into the crystal structure, connect phosphazene cations via NH...O and 
OH...N(ring) interactions resulting in a 3D-network (Fig. 3.25). In contrast to alkali metal 
tetra(peroxo)tungstates, which decompose rapidly at room temperature and can explode on 
impact,65 crystals of (iBuPNH)2[W(O2)4] appear to be much more stable under ambient 
conditions and can be stored for several weeks at room temperature, or for several months when 
refrigerated, without undergoing noticeable degradation. The enhanced stability may be due to 
more effective separation of W(O2)4





Fig. 3.23. Selected bond lengths (Å) and angles () of the crystal structure of 
(iBuPNH)2[W(O2)4]∙2CH3OH: W1 O1 1.929(5), W1 O2 1.963(5), W1 O3 1.954(6), W1 O4 
1.924(6), O1 O2 1.476(8), O3 O4 1.420(10), P1 N1 1.648(6), P2 N1 1.666(6), P2 N2 1.570(6), 
P3 N2 1.561(6), P3 N3 1.596(6), P1 N3 1.574(5), N3 P1 N1 109.6(3), N2 P2 N1 107.4(3), N2 
P3 N3 115.4(3), P1 N1 P2 130.4(3), P3 N2 P2 130.0(4), P1 N3 P3 126.6(4). 
 
Fig. 3.24. Crystal structure of (iBuPNH)2[W(O2)4]∙2CH3OH highlighting the ribbon-like 
assembly of anions and cations. W, green; O, red; P, purple; N, blue; C, grey. Hydrogen bonds 






Fig. 3.25. Supramolecular structure of (iBuPNH)2[W(O2)4]∙2CH3OH including methanol 
molecules. Hydrogen bonds are shown as dashed lines; iso-butyl groups and H atoms are 
omitted for clarity. 
 
 (iBuPNH)2[W(O2)4] was tested as a stoichiometric reagent (in the absence of H2O2) in the 
epoxidation of cyclooctene in toluene as a solvent at 60 oC to give 18% epoxide yield based on 
the peroxo groups present in 2 h reaction time. Further testing under catalytic conditions {60 
oC, 1 h reaction time, (iBuPNH)2[W(O2)4] (7.80 10
-2 mmol), H2O2 (1.01 mmol), cyclooctene 
(6.78 mmol), toluene (10.0 mL), H2O (0.3 mL)} gave an improved 44% epoxide yield (Fig. 
3.26), which was comparable to the yield obtained with iBuPN-PW (6:1) under similar 
conditions and the same amount of W(VI) used. It should be noted, however, that the reaction 
with (iBuPNH)2[W(O2)4] had a 20 min induction period, the cause of which is uncertain. 




could be an intermediate or, more likely, one of the active intermediates in the reaction in 
question.   
 
Fig. 3.26. Yield of cyclooctene oxide produced over a 2 h period in the presence of H2O2 using 
pre-formed (iBuPNH)2[W(O2)4] as a catalyst. 
 
3.5 Oxidation of Benzothiophenes 
It has been reported in the literature that tungsten-based POMs have been used as catalysts for 
oxidative desulfurization using hydrogen peroxide as a “green” oxidant, providing a promising 
new method for the removal of heavy organosulfur compounds from transportation fuel.1–3 In 
these systems, oxidation of dibenzothiophene (DBT) (eq. 3.5) is typically employed as a model 
reaction for catalyst testing. 
 
3.5 
Through work mostly conducted by Rana Yahya,66 and with contributions from myself, it was 























biphasic systems comprised of PhMe, DCE or n-heptane as an organic solvent and H2O, 
yielding DBT sulfone as the only product (Table 3.3). Other benzothiophenes such as 
benzothiophene (BT) and 4,6-dimethyldibenzothiophene (DMDBT) were also readily oxidized 
to their corresponding sulfones in this system. As in olefin epoxidation reactions, the POM and 
RPN components were simply added to form the active RPN-POM catalyst in situ. 
Table 3.3. Oxidation of benzothiophenes by H2O2 in toluene-H2O two-phase system in 
the presence of BzPN-POM catalyst at 60 oC.a 




1 DBT PMo 0.5 100 99 
2 DBT PW 0.5 100 99 
3 DBT SiW 1.0 0 - 
4 BT PMo 1.5 71 99 
5 DMDBT PMo 1.0 100 99 
a Toluene (10 mL), substrate (0.50 mmol, 1 wt.%), aqueous 30% H2O2; molar ratios: 
[Substrate]/[POM] = 90:1, [Substrate]/[H2O2] = 1:3, [BzPN]/[POM] = 6:1. Sulfones were 
the only reaction products. b Reaction selectivity based on H2O2. 
In DBT oxidation, like cyclooctene epoxidation, PMo exhibited a higher activity than PW, 
whereas SiW showed no activity at all in agreement with the relative stability of these POMs 
to degradation in aqueous solution (Table 3.3, entries 1, 2 and 3, respectively).24 In the presence 
of BzPN-PW (1:6) and BzPN-PMo (1:4) oxidation of DBT proceeded with 100% conversion 




summarized using schemes (3.6) – (3.8). As with olefin epoxidation, the Keggin POM 
precursor initially degrades in the presence H2O2 to form active peroxo species (3.6), before 
oxidizing DBT (3.7) and forming an oxo species, which then reacts with more H2O2 to 
regenerate the active peroxo species (3.8).4–8 Steps (3.6) and (3.8) occur in the aqueous phase 
or at the interface and step (3.7) in the organic phase. With the least stable POM, PMo, the 
reaction is probably limited by step (3.7), with steps (3.6) and (3.8) fast and complete. It should 
also be noted that step (3.7) requires reaction with two peroxo groups for DBT to undergo full 








The reactivity of benzothiophenes decreased in the order: DBT > DMDBT > BT, which is in 
agreement with previous reports1–3 and can be attributed to the electron donating and steric 
effects of aromatic and methyl groups in the benzothiophenes. Very little to no decomposition 
of H2O2 to molecular oxygen took place in this system, giving >99% efficiency of H2O2 
utilization. 
The catalytic activity with respect to RPN was found to increase in the order: iPr < iBu < Bz 
(Table 3.4, entries 1-3) in toluene and DCE, which is line with increasing size of R group 
phase-transfer efficiency of RPN in this series. The activity also increased with increasing 
[BzPN]/[POM] molar ratio, levelling off at a ratio of 6:1 (entries 4-9), which agrees with the 





Table 3.4. Effect of RPN and [RPN]/[POM] ratio on oxidation of DBT by H2O2 in 
toluene-H2O two-phase system.
a  






H2O2 efficiency  
(%) 
1 PW 1:4c,d 40 38 >99 
2 PW 1:4c,e 40 89 >99 
3 PW 1:4c 40 94 >99 
4 PW 1:1 60 56 >99 
5 PW 2:1 60 81 >99 
6 PW 4:1 60 97 >99 
7 PMo 4:1 60 100 >99 
8 PW 6:1 60 100 >99 
9 PW 10:1 60 100 >99 
10 PMo 1:6 60 100 >99 
11f PMo 1:6 60 33 >99 
12f PMo 1:6g 60 79 >99 
13 PMo 1:6g 60 87 >99 
14f PMo 1:6e 60 66 >99 
a Toluene (10 mL), DBT (0.50 mmol, 1 wt.%), aqueous 30% H2O2 (0.15 mL); molar 
ratios: [DBT]/[POM] = 90:1, [DBT]/[H2O2] = 1:3, 0.5 h reaction time. DBT sulfone was 
the only reaction product observed. b Reaction selectivity based on H2O2. 
c [DBT]/[H2O2] 





Through further investigation into this work, conducted by myself, the catalyst efficiency was 
found to vary in different solvents with respect to the alkylamino substituents on the 
phosphazene. Entries 10-14 in Table 3.4 compare DBT oxidation in toluene and heptane using 
either HexPN, iBuPN or BzPN as a phase-transfer agent. In heptane, DBT conversion with 
HexPN was greater than with BzPN (79 and 33% respectively), whereas in toluene the 
conversion with BzPN was greater than with HexPN (100 and 87%) respectively. This 
observation can be rationalized by the solubility of the phosphazene substituent R groups in 
each organic solvent; the aliphatic hexyl groups on the RPN render the active POM species 
more soluble than the aromatic Bz groups in aliphatic hydrocarbon solvents, whereas in 
aromatic solvents such as toluene this observation is reversed. HexPN also gives a higher 
conversion in heptane than iBuPN (entries 12 and 14, respectively), probably due to improved 
solubility of HexPN through larger lipophilic R groups. By changing the alkylamino 
substituents on the phosphazene ring the solubility of the phase-transfer agent could be tuned 
to improve catalyst performance in each solvent system. This is important as the oxidation of 
DBT in aliphatic hydrocarbon solvents such as heptane demonstrates effective desulfurization 
of a model diesel fuel under biphasic conditions, which is highly desirable in the petrochemical 
industry.1–3 The sulfone product is insoluble in aliphatic hydrocarbons such as heptane, 
crashing out as a white powder which enables easy extraction and separation with a suitable, 
immiscible solvent such as acetonitrile. 
100% DBT conversion at 99% H2O2 efficiency was observed for both the BzPN-PMo and 
BzPN-PW catalysts within 30 minutes at 60 oC with a 1:3 [DBT]/[H2O2] molar ratio in a 
PhMe/H2O system (Table 3.3, entries 1 and 2). The catalysts could also be recovered by 
vacuum distillation and reused without exhibiting a loss in activity. These results compare well 
with those obtained using [(CH3)3NC16H33]4W10O32 catalyst under similar conditions, which 




efficiency was not reported.2 [(C18H37)2N(CH3)2]3[PW12O40] catalyst also gave 100 % 
conversion of DBT under similar conditions, and operated through the formation of an 
emulsion in the system which enabled catalyst separation by centrifugation once the reaction 
was complete.3,67 These catalysts, however, require pre-synthesizing via cumbersome 
procedures,2 whereas POM–RPN can be synthesized in situ in our system. Another advantage 
of our system is that molybdenum-based systems can be used instead of tungsten, which 
reduces the catalyst weight by 25-30%.  
 
3.6 Conclusions 
Alkylaminocyclotriphosphazenes are efficient and tuneable phase-transfer agents for POM 
catalysed biphasic oxidations with hydrogen peroxide. Aliphatic (iBu, iPr and hexyl) and 
aromatic (BzPN) alkylminocyclotriphosphazenes have been tested in biphasic systems with 
organic phases of various polarities to demonstrate that the organoamino substituent groups on 
the phosphazene ring can be tuned to modify the solubility of the RPN–POM aggregates in 
different solvents. Reactivity with respect to POMs was found to increase with decreasing 
aqueous stability in the order PMo > PW > SiW. A relatively stable tetraperoxo 
(iBuPNH)2[W(O2)4] species has been isolated from a biphasic system containing RPN, POM 
and H2O2. This species was tested in the biphasic epoxidation of cyclooctene with H2O2 and 
was found to be catalytically active.  
The catalysts compare well to some of the best reported catalysts for biphasic epoxidation and 
DBT oxidation with H2O2. However, catalyst recovery by vacuum distillation is not an ideal 
method as it requires further expenditure of energy to isolate the catalyst which reduces the 
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4. System Two: Heterogeneous Catalysis 
– Oxidation Reactions with H2O2 in 
Multiphase Systems Catalysed by POM 
Immobilised on RPN-Functionalized 
Silica Support 
4.1 Introduction 
In the previous chapter, alkylaminocyclotriphosphazenes, (RPN, R= benzyl, iso-butyl or iso-
propyl) were used as PTC moieties for POM-catalysed oxidative desulfurization and olefin 
epoxidation with H2O2 in two-phase systems comprised of organic solvent and water (System 
One). The basic N-sites of the phosphazene ring are protonated by heteropoly acids, HnPOM, 
forming ion pairs (RPN-POM aggregates) - in which the POM ions are effectively encapsulated 
by extensive hydrogen bonding with alkylamino (RNH) substituents. The lipophilicity of the 
alkylamino groups rendered the resulting POM-RPN aggregates soluble in the organic/fuel 
phase. The solubility of the aggregates could be tuned by varying the alkyl group, R. Thus, 
high conversion of benzothiophene or yield of epoxide was achieved in solvents such as toluene 
and heptane using aromatic (benzyl) and aliphatic (iso-butyl) RNH groups, respectively. The 
main issue with these systems, however, was that the catalyst remained soluble in the organic 
layer once the reaction was complete which made product separation difficult; separation 
required vacuum distillation to isolate the catalyst which increases system costs and can 




One method to improve catalyst/product separation in liquid systems is to use a solid catalyst. 
The catalyst is insoluble in the reaction solvent and reactions occur at the liquid/solid interface 
between the active sites on the catalyst surface and the reactants in the solvent. Examples are 
shown in Fig. 4.1, which outlines the possible reaction processes for an organic molecule at the 
surface of a supported metal catalyst in a liquid-solid system, where the metal functions as the 
active site.1,2 
 
Fig. 4.1. Reaction processes for an organic molecule at the surface of a supported metal catalyst 
in a liquid-solid system. 
 
Once the molecule has adsorped onto the catalyst surface, a second reactant can either interact 
directly from solution, or by adsorbing onto the catalyst surface first and then migrating across 
the surface before reacting with the adsorbed molecule. The mechanism of the reaction depends 
on the respective orientations required for the molecule and reactant to react, and whether the 
reactant needs to be activated on the catalyst surface before it can react with the target molecule. 




which then provides space for other reactant molecules to interact with the surface to complete 
the cycle.  
The use of powdered, porous catalysts often increases the reaction rates by improving the 
available surface area of the catalysts and hence increasing the number of available active sites 
to the reactants for reaction.3,4 An active site can also be a catalyst species that has been 
immobilised on the surface of a solid support to heterogenize the catalyst in the system. In this 
way, a catalyst that successfully catalyses a reaction homogeneously but is difficult to separate 
from the products can still be used to catalyse the same reaction but is now instantly separated 
from the product once the reaction is complete. Additional advantages of this approach also 
include enhanced catalytic activity of the active sites through interactions between the support 
and the catalyst, minimization of metal traces from metal-based catalysts in the product, 
improved handling, and improved control over the reaction process.3  
Many heterogeneous catalysts have been used for the oxidative desulfurization of diesel fuels.5–
11 Systems which use H2O2 as an oxidant are attractive as H2O2 is cheap, has a high active 
oxygen atom efficiency, and its only by-product is water.12,13 Examples of catalysts that have 
been used in such systems include Mo/γ-Al2O3,
14 Ti-containing zeolites,15 Tiiv grafted onto 
silica,16 Zr and Hf oxoclusters in a poly(methylmethacrylate) matrix,17 and a POM-MOF 
composite to name just a few.18  
Transition metal derivatives are commonly used as catalysts for the oxidation of alkenes with 
H2O2.
19 However, in homogeneous systems, these compounds can be difficult to separate from 
the product and can leave traces of toxic heavy-metals in the products. Many of these catalysts 
can be immobilised on solid supports which can help to resolve these issues. Examples of solid-
supported transition metal catalysts for epoxidation with H2O2 include: titanium silicate zeolite 




supported Mn-Salen complexes;22 methyltrioxorhenium (MTO) supported on poly(4-
vinylpyridine) derived polymers,23 and MTO supported on niobia.24  
POMs are particularly effective catalysts in oxidations with H2O2, transforming into 
catalytically active peroxo POM species.25–27 Methods for their heterogenization for use as 
catalysts in liquid-phase organic transformations have been reviewed,28 and the major 
strategies include: immobilization on solid supports (e.g. mesoporous silicas, MOFs, polymers, 
metal oxides, and magnetic particles); solidification through the use of inorganic cations such 
as alkali metals, organic compounds such as organic amine surfactants, or the formation of 
ionic liquids (particularly those with high metling points); and the formation of POM-based 
porous frameworks.  
Immobilization of POMs onto solid supports is one of the most simple and efficient methods 
for synthesizing POM-based heterogeneous catalysts. Table 4.1 highlights some of the methods 
used to immobilize POMs onto various supports and their use as heterogeneous catalysts in 
either oxidative desulfurization or alkene oxidation with H2O2. 
   



















































































































The preparation of many immobilised POM catalysts use an ion-exchange method to graft 
POM to the surface of the support. In these procedures, the POMs are ionically bonded to 
cationic functional groups at the surface of the support.  
In this chapter, the problem of catalyst separation in RPN-POM catalysed biphasic oxidations 
with H2O2 has been addressed by grafting RPN-POMs to an aminopropyl-functionalized silica 
support (Hypersil APS-2). The resulting materials, POM/RPN-SiO2, comprising POMs 
immobilized onto the silica surface using RPNs as tethers, are reported as heterogeneous 




of solid-state NMR data was written in conjunction with Dong Xiao. Figs 4.2-4.5 and 4.9 were 
created by Dong Xiao and have been used in this work with the consent of the creator.  
 
4.2 Phosphazene-Modified Silica Support 
The route for grafting alkylaminocyclotriphosphazenes onto silica is shown in Scheme 4.1. 
First, the reaction of Hypersil APS-2 surface aminopropyl groups with 
hexachlorocyclotriphosphazene (P3N3Cl6) in the presence of triethylamine produces the 
chlorocyclotriphosphazene grafted silica (P3N3Cl6-n)-SiO2 (where n = grafted aminopropyl 
linkers). Subsequent reaction with an 8-fold molar excess of RNH2 yields the final RPN 
functionalized silica, RPN-SiO2.  
 
Scheme 4.1. Grafting RPN onto aminopropyl-modified silica Hypersil APS-2.  
 
Solid-state MAS NMR was used to determine the structure of the RPN-SiO2 products formed 
and monitor the step-wise synthesis of BzPN-SiO2 by recording 
13C CP, 31P DE NMR spectra 
(Fig. 4.2) and 29Si CP NMR spectra (Fig 4.3) of the expected compounds, (P3N3Cl6-n)-SiO2 and 





Fig. 4.2. 13C CP MAS (14 kHz) NMR and 31P DE MAS (12 kHz) NMR spectra and 
quantification of different phosphorus sites of (A) (P3N3Cl6-n)-SiO2 and (B) BzPN-SiO2. The 
13C spectral assignments are given in the corresponding 13C NMR spectra.  The deconvolution 
and quantification of the different phosphorus sites are given with the experimental 31P MAS 





Fig. 4.3. 29Si CP MAS NMR spectra of Hypersil APS-2, BzPN-SiO2, iBuPN-SiO2, iPrPN-SiO2. 
Spectra were recorded at 9.4 T, MAS rate of 10 kHz. Signals are assigned according to the 
reference.45  
 
The 13C spectrum of Hypersil APS-2 shows three distinct peaks in the range of 0 – 50 ppm 
which can be assigned to the three carbon environments that are present in the aminopropyl 





Fig. 4.4. 13C CP MAS NMR spectra of Hypersil APS-2, iBuPN-SiO2, iPrPN-SiO2. Spectra 
were recorded at 9.4 T and MAS rate of 10 kHz for iBuPN-SiO2, iPrPN-SiO2 and of 14 kHz 
for Hypersil APS-2. The 13C spectral assignments are given in the corresponding 13C NMR 
spectra. 
 
The 13C signals of the aminopropyl groups remain after reactions with P3N3Cl6 and then RNH2, 
and show little change in the chemical shifts in the spectra for (P3N3Cl6-n)-SiO2 and the RPN-
SiO2 products (Figs 4.2 and 4.4), indicating that bonding between these groups and silica 
surfaces are not destroyed during the preparation procedure and are largely unaffected by 
reaction with the phosphazene rings. Signals in (P3N3Cl6-n)-SiO2 spectrum (Fig. 4.2, A) also 




procedure, which was not completely removed when isolating the (P3N3Cl6-n)-SiO2 
intermediate. Typical signals from aromatic groups (δ = 128 and 142 ppm) are observed in 
BzPN-SiO2, which clearly indicate successful immobilization of BzPN on the silica. The 
spectra of iBuPN-SiO2 and iPrPN-SiO2 also indicate successful immobilization of iBu and iPr 
groups, respectively, and their assignments are shown in Fig. 4.4. 
31P NMR is indicative of the substitution pattern of cyclophosphazenes. Each P3N3 ring has six 
exocyclic substituent sites that are available for functionalisation with a variety of substituent 
groups (see P3N3Cl6 structure in Scheme 4.1, the three P atoms each have two exocyclic Cl 
substituents), and the 31P chemical shifts of the three phosphorous atoms are strongly 
influenced  by the electronegativity of the two substituent groups that each atom is bonded to.46 
It has been shown previously that P-nuclei of phosphazene rings that carry two RNH groups 
have chemical shifts at around 20-23 ppm,47 thus we should expect a narrow distribution of 
peaks in the spectra of RPN-SiO2 compounds. However, 
31P MAS NMR spectra of RPN-SiO2 
compounds (Fig 4.2 and Fig. 4.5) reveal a wider range of shifts stretching from –19 to -4 ppm. 
Similar shifts have been observed in cyclophosphazenes that have amino and oxo substituent 
groups; the oxo groups were introduced via partial or complete hydrolysis of the PCl2 groups.
48 
Three regions of shifts can be identified in the 31P MAS NMR spectra of RPN-SO2 (Fig. 4.2 B 
and Fig. 4.5); these can be assigned to P(NHR’)NHR’’ at 19 to 14 ppm (see definitions for R’ 
and R’’ in Fig 4.2 and Fig 4.5 tables), P(=O)NHR’ at 9 to 4 ppm, and PO2 groups at -2 to -4 
ppm. The relative signal contributions for each of these groups is given as a percentage in the 





Fig. 4.5. 31P DE MAS NMR spectra and the deconvolution and quantification of different 
phosphorus sites of (A) iBuPN-SiO2 and (B) iPrPN-SiO2. Spectra were recorded at 9.4 T, MAS 
rate of 12 kHz. 
 
It was estimated from the respective contributions in the 31P DE MAS NMR spectra using 
equations (4.1) and (4.2) that the hydrolysis groups occupy up to 40% of the total P exocyclic 
substituent sites of RPNs in the RPN-SiO2 samples, with the other 60% of these sites attached 
to primary amines and/or aminopropyl groups. 
PO2 (%) + 1/2 (P(=O) NHR') (%) = Total sites occupied by hydrolysis products 4.1 





A range of shifts in the 31P MAS NMR spectrum of (P3N3Cl6-n)-SiO2 (Fig. 4.2 A) between 12 
and -12 ppm, which have been observed in hydrolysis experiments of P3N3Cl6,
49  strongly 
suggested that hydrolysis had occurred during the initial grafting of the hexachloro precursor 
to the silica. It is presumed that residual water bound to silica was responsible for the hydrolysis 
which was not removed by thermal pre-treatment due to the possibility of destroying surface 
aminopropyl groups. Indeed, a shoulder at 22 ppm is observed for the C2 resonance (25 ppm) 
of the aminopropyl groups in the 13C spectrum of Hypersil APS-2 (Fig. 4.4) indicates the 
presence of ion-pair complexes Si-O-···NH3
+-R (R = -CH2CH2CH2-) which are formed by 
interactions between the amino groups and silanols in the presence of water.45 Hence, this 
demonstrates the existence of water adsorbed in Hypersil APS-2. It should be noted that similar 
grafting of cyclophosphazenes onto silica has been reported previously; however, no detailed 
solid-state MAS NMR work has been undertaken in these cases, which suggests that similar 
hydrolysis products may have been obtained but not identified.50-54 The spectra in Fig. 4.2 also 
show that after reaction of (P3N3Cl6-n)-SiO2 with benzylamine, the main 
31P peak is shifted 
from 22 ppm in the (P3N3Cl6-n)-SiO2 spectrum (A) into the range of 19 to 14 ppm in the BzPN-
SiO2 spectrum (B) which confirms the successful attachment of benzylamino substituent 
groups.47  
29Si CP MAS NMR spectra of RPN-SiO2 are displayed in Fig. 4.3 and show 
29Si resonances at 
-59 ppm, -67 ppm, -102 ppm and -111 ppm which can be assigned to the T2, T3, Q3 and Q4 
sites in silica, respectively, of which the T2, T3 sites correspond to the tethering sites of 
aminopropyl groups to the silica surface.45,55  
FTIR analysis of all three RPN-SiO2 products showed bands in the region of 1300-1000 cm
-1 
(P-N) and 3400-3250 (N-H, amines) which provide further evidence of successful grafting of 
RPN onto the surface of the silica. An increase in the number and intensity of bands in the 1500 




indicates successful nucleophilic substitution of the phosphazene chloride substituents for the 
respective primary amines. 1664 cm-1 and 1496 cm-1 (C=Carom), and 878 cm
1, 731 cm-1 and 699 
cm-1 (C-Harom) bands in the BzPN-SiO2 spectrum provide particularly strong evidence of 
successful substitution with benzylamine groups. Peaks in the range of 2940 – 2970 cm-1 in the 
spectra of RPN-SiO2 samples before the Hypersil APS-2 background was subtracted could be 
further evidence of hydrogen-bonding interactions between excess primary amine and the 
surface silanol groups (SiOH···NH2).
56 P-O stretches from the hydrolysis products in all RPN-
SiO2 spectra appear in the region of 875 – 900 cm
-1. 
Elemental analysis of RPN-SiO2 provided empirical formulae C32.4N9.4P3, C24.8N10.8P3 and 
C18.9N8.9P3 for BzPN-SiO2, iBuPN-SiO2 and iPrPN-SiO2, respectively. This provides strong 
evidence to suggest successful immobilization of the cyclophosphazenes on the silica surface 
and substitution of the cyclotriphosphazene chlorines with the RNH2 alkylamines. The loading 
of the RPN on the surface was found to be 0.12 mmol g-1 for iBuPN and 0.14 mmol g-1 for 
iPrPN and BzPN as estimated from the nitrogen and phosphorus content, indicating that 
phosphazene loading is consistent in the initial steps of the synthesis.  
Table 4.2 summarises the elemental analysis of the prepared RPN-SiO2 samples. The sources 
of nitrogen atoms in these samples are the N atoms of cyclotriphosphazene rings (three N atoms 
per ring, N:P = 1:1), as well as the Hypersil APS-2 aminopropyl groups and the RPN 
substituent amine groups RNH, which each possess a single nitrogen atom. As there are 
equimolar quantities of P and N present in cyclotriphosphazene rings, the P content was used 
to determine the quantity of nitrogen provided by the ring nitrogen atoms and the RPN loading 
for each RPN-SiO2. The total concentration of aminopropyl linker plus alkylamino substituent 
(amine N) equals the difference between the total N and the total P content. The ratio of 
C/Amine N content for each RPN-SiO2 approximate even distributions of the primary amine 




for BzNH2 and aminopropyl the C/N ratio are 7 and 3, respectively, and equimolar amounts of 
both groups on the surface of BzPN-SiO2 would give a [C]/[Amine N] ratio of 5, such as the 
value that was calculated using the experimental data).   
 
The concentration of RNH at the six P exocyclic bonding sites (Psub, Table 4.2) for each RPN 













































































































































































































































Table 4.2 and 0.60 is the 60% PNHR group signal contributions calculated from the 31P DE 
MAS NMR spectra (Fig 4.2 and Fig. 4.5). Comparison of these values with the corresponding 
amine N concentration would imply that there is an excess of aminopropyl and primary amine 
groups present in the RPN-SiO2 samples that are unreacted with phosphazene. It is suggested 
that the excess primary amine is hydrogen-bonded to the surface silanol groups which 
corresponds to peaks at 2940 – 2970 cm-1 in the corresponding FTIR spectra. Such interactions 
have been reported previously in the literature,56 and have demonstrated their stability towards 
solvent washings under conditions similar to, and harsher than, those used in the preparation 
of RPN-SiO2 in this work.
45,50,56-58  
Fig. 4.6 shows the SEM images of Hypersil APS-2 and BzPN-functionalized Hypersil APS-2 
(BzPN-SiO2). The initial Hypersil APS-2 sample exhibits a uniform array of spherical particles 
of ~5 μm particle size and it can be seen that this morphology is preserved in the BzPN-
functionalized sample, indicating that RPN grafting does not affect the morphology of the 
initial silica support. 
The surface area and porosity of the functionalized supports, RPN-SiO2, were determined from 
nitrogen physisorption (BET method). The results are summarised in Table 4.3, together with 
the loading of surface functional groups. These data show that RPN functionalization had a 
relatively small effect on the BET surface area due to low RPN loadings, although it slightly 
reduced the pore volume and pore diameter of the samples, possibly because the RPN groups 
on the inside of the pore walls of RPN-SiO2 take up more space than the aminopropyl groups 
of Hypersil APS-2, resulting in a decrease in the diameter and volume of pores of RPN-SiO2 
compared to Hypersil APS-2. The N2 adsorption isotherms for Hypersil ASP-2 and BzPN-SiO2 
show a type IV isotherm with a H1 hysteresis loop (Fig. 4.7), indicating a mesoporous structure 
of uniformly arranged spherical particles,59,60 in agreement with the SEM data (Fig. 4.6). The 




     
Fig. 4.6. SEM images of Hypersil APS-2 (A, C) and BzPN-SiO2 (B, D); magnification scale 5 
μm for A, B and 20 μm for C, D.  
 
Table 4.3. Surface and porosity data for Hypersil APS-2 and RPN-SiO2 functionalized 
supports.a 








Hypersil APS-2 0.40e 123 0.54 174 
iPrPN-SiO2 0.14 130 0.49 151 
iBuPN-SiO2 0.12 109 0.39 144 
BzPN-SiO2 0.14 116 0.42 143 
PMo/BzPN-SiO2 0.14 122 0.41 135 
a Samples pre-treated at 140 oC under vacuum. b BET surface area. c Single point total pore 







Fig. 4.7. Nitrogen adsorption isotherms for Hypersil APS-2, BzPN-SiO2, iBuPN-SiO2, iPrPN-







































































































with H1 hysteresis loops, which indicates that the mesoporous structure of the silica support 
has remained intact through the RPN functionalization process. 
The RPN-SiO2 samples retain the 5 µm particle size and mesoporous structure of the parent 
Hypersil APS-2 support, as shown by BET and SEM analysis (Figs 4.6, 4.7, Table 4.3). 
Comparison of the elemental analysis with PNHR contributions from 31P DE MAS NMR 
analysis was used to determine the probable structures of RPN grafted on Hypersil APS-2 as 
shown in Scheme 4.2. Insight into the arrangement of the hydrolysis groups was provided by 
the literature.48,49 However, it should be noted that these structures are derived from the average 
predicted compositions of the functional groups on the phosphazenes, whereas, there is likely 
a complex distribution of phosphazene species present on the surface.    
 
Scheme 4.2. Probable structures of RPN-modified Hypersil APS-2.  
The phosphazene rings are grafted onto the silica through one or two covalently bonded silica 




hydrolysed during the grafting procedure as indicated by 31P DE MAS NMR chemical shifts, 
most likely by residual water bonded to the silica. 31P DE MAS NMR also shows that, on 
average, 3.6 (60%) phosphazene exocyclic substituent sites are bonded to either propylamine 
linkers or have been successfully substituted with the desired primary amine groups, whilst the 
remaining 2.4 (40%) sites appear to be hydrolysed. Further evidence of functionalisation of the 
grafted phosphazenes with the desired primary amines is provided by FTIR and 13C CP MAS 
NMR. Elemental analysis and peaks around 2950 cm-1 in the FTIR spectra of RPN-SiO2 also 
suggest that there are likely unreacted aminopropyl groups on the surface of the silica, as well 
as excess primary amine which could be hydrogen-bonded to the surface silanol groups. 29Si 
CP MAS NMR suggests little change to the silanol (Q3 and Q4 sites) or aminopropyl groups 
(T2 and T3 sites) after functionalisation with RPN. 
 
4.3 POM Immobilized on Phosphazene-Functionalized Silica  
In this work, Keggin POMs, namely PW12O40
3- (PW), PMo12O40
3- (PMo) and SiWO40
4-
 (SiW), 
were immobilized onto RPN functionalized silica supports using the corresponding heteropoly 
acids as the POM precursors (Section 2.1.4.5) and were used as catalysts for deep oxidative 
desulfurization of model fuel with H2O2. Among the POM/RPN-SO2 catalysts, PMo/BzPN-
SiO2 (PMo/BzPN = 1:1 mol/mol) showed the best desulfurization performance (see below) and 
was characterised by SEM, BET, solid-state NMR and FTIR. 
Fig. 4.8 shows the SEM images of fresh and spent PMo/BzPN-SiO2 catalysts, the latter was 
recovered after ODS of DBT (see below). Both catalysts have similar morphology to that of 
Hypersil APS-2 and BzPN-SiO2 (Fig. 4.6), which indicates that the loading of PMo and 
desulfurization reaction has little effect on catalyst morphology as confirmed by the surface 




however, that fresh PMo/BzPN-SiO2 had a higher quantity of smaller particles attached onto 
the surface as compared to the spent catalyst (Fig. 4.8). Possibly, the smaller particles were 
washed out during the oxidative desulfurization reaction. PMo/BzPN-SiO2 also displayed a 
type IV nitrogen adsorption isotherm with an H1 hysteresis loop (Fig. 4.7), similar to those for 
Hypersil ASP-2 and BzPN-SiO2 (Fig. 4.7), which, along with the SEM images, suggests that 
the catalyst particles remain spherical and fairly uniform in the presence of PMo.  
 
 
Fig. 4.8. SEM images of fresh PMo/BzPN-SiO2 catalyst (A, C) and spent catalysts (B, D) 
recovered after desulfurization reaction; magnification scale 5 μm for A, B and 20 μm for C, 
D. 
 
The 13C CP MAS NMR spectrum of PMo/BzPN-SiO2 (Fig. 4.9 A) shows the typical signals 




of T2 and T3 signals, suggesting that the structure of BzPN-SiO2 remains intact after loading 
with PMo. In the 31P MAS NMR spectrum (Fig. 4.9 C), two sharp peaks at -3.7 and -4.4 ppm 
can be assigned to PMo in two different environments- possibly on the surface and in the 
mesopores-61,62 confirming the presence of intact PMo in the catalyst. The broad peaks of BzPN 
shifted upfield from 14 ppm to 11 ppm suggests protonation of one or two of the phosphazene 
nitrogens.63  
The PMo/BzPN-SiO2 catalyst also exhibited characteristic peaks of the Keggin anion 
PMo12O40
3- in the FTIR spectrum (Fig. 4.10) at 962 cm-1 (Mo=O), 873 cm-1 (Mo-O-Mo corner-
sharing) and 794 cm-1 (Mo-O-Mo edge-sharing), which indicates that PMo remained intact in 
the catalyst. The intense peak at 1065 cm-1 (P-O) in the FTIR spectrum of PMo/BzPN-SiO2 is 
obscured by the broad silica band at 1000-1300 cm-1. 
 
Fig. 4.9. (A) 13C CP MAS (14 kHz), (B) 29Si CP MAS (10 kHz) and (C) 31P DE MAS (12 kHz) 






Fig. 4.10. DRIFTS FTIR spectra of PMo/BzPN-SiO2 (dashed line) and H3PMo12O40 (solid line) 
(KBr powder). 
 
In previous work, single-crystal X-ray diffraction was used to characterize the bonding in 
POM-RPN aggregates (Section 3.1.1.).64 It was found that the structures of the POMs remain 
intact upon aggregation with RPNs and are encapsulated by RPNH+ and RPNH2
2+ cations 
through a series of ionic and hydrogen bonding interactions. As characterization of PMo/BzPN-
SiO2 by 
31P MAS NMR and FTIR suggest that the structure of PMo in the sample remains 
intact, we would suggest that POM is grafted to the surface of the silica support through ionic 
and hydrogen bonding interactions with cationic BzPNHn
n+ groups. In this case, the cationic 
BzPN species form as a result of protonation by the H3PMo12O40 precursor during the 






































4.4 Oxidation of Benzothiophenes by H2O2 Catalysed by 
POM/RPN-SiO2 
Keggin-type polyoxometalates (PMo, PW and SiW) immobilized onto the RPN-functionalized 
silica support, POM/RPN-SiO2, were used as heterogeneous catalysts for deep oxidative 
desulfurization of model diesel fuel by H2O2. The reactions were tested in a biphasic heptane-
H2O system comprised of n-heptane as a model fuel and benzothiophene (BT, DBT or 
DMDBT) as an organosulfur compound (Scheme 4.3). In these experiments, the POM/RPN-
SiO2 catalysts were prepared in situ by adding POM (as the corresponding heteropoly acid) 
and RPN-SiO2 components separately to the reaction mixture to ensure more efficient pre-
activation of the POM by hydrogen peroxide prior to reaction (section 2.3.3.2). 
 
Scheme 4.3. DBT oxidation to sulfone by H2O2. Typical reaction conditions are 25 – 70 
oC, 
atmospheric pressure.9,18,65-68  
Representative results are given in Table 4.4. The catalytic activity of POMs was found to 
decrease of the order PMo > PW > SiW (entries 3-5 in Table 4.4, see also Fig. 4.11) in 
agreement with both the relative stability of these POMs to degradation in aqueous solution 
and their oxidation potentials. The same activity trend was found previously in biphasic 
systems with homogeneous POM catalysts (Section 3.5),69,70 and can be explained by equations 






Table 4.4. Oxidation of benzothiophenes by H2O2 in heptane-H2O system using POM/RPN-
SiO2 as catalysts.
a 









1 1:4 PMo - b DBT 60 2 32 22 
2 1:1 PMo BzPN DBT 60 2 96 68 
3 1:1 PMo BzPN DBT 60 3 100 68 
4 1:1 PW BzPN DBT 60 3 70 50 
5 1:1 SiW BzPN DBT 60 3 55 52 
6 1:1 PMo iBuPN DBT 60 3 86 61 
7 1:1 PMo iPrPN DBT 60 3 61 55 
8 1:1 PMo BzPN DBT 50 3 100 68 
9 1:1 PMo BzPN DBT 40 3 81 69 
10 1:1 PMo BzPN BT 60 6 90 80 
11 1:1 PMo BzPN DMDBT 60 4 100 65 
a POM (0.0056 mmol), 30% H2O2 (0.15 mL, 1.51 mmol), dodecane (GC standard, 0.4 mmol), 
benzothiophene (0.5 mmol) and heptane (10 mL); molar ratio [benzothiophene]/[H2O2]=1:3, 
[POM]/[H2O2]=1:270 and [POM]/[benzothiophene]=1:90; stirring speed 1500 rpm. 
b 
Unmodified Hypersil APS-2. c Reaction selectivity with respect to H2O2 determined from 
titration of unconverted H2O2 with KMnO4. H2O2 efficiency = 2 × conversion of substrate 






Fig. 4.11. Comparison of activity of POM/BzPN-SiO2 catalysts (POM/BzPN = 1:1 mol/mol) 
in DBT oxidation by H2O2 in heptane-H2O system (60 
oC, POM (0.0056 mmol), 30% H2O2 
(0.15 mL, 1.51 mmol), DBT (0.5 mmol), heptane (10 mL)). 
 
Entries 1 and 2 in Table 4.4 compare the catalytic activity of PMo/Hypersil APS-2 and 
PMo/BzPN-SiO2 catalyst. The results show that PMo/BzPN-SiO2 is a more efficient catalyst 
for the oxidation of DBT than PMo/Hypersil APS-2, giving 95 and 32% DBT conversion at 60 
oC in 2h, respectively. The corresponding initial turnover frequencies for these catalysts were 
calculated to be 1.9 and 0.24 min-1. In terms of rurnover rates, PMo/BzPN-SiO2 is, therefore, 
8 times more active than PMo/Hypersil APS-2. This shows that RPN groups in the POM/RPN-
SiO2 catalysts are better tethers for catalytically active POM species on silica than aminopropyl 
groups of the parent Hypersil APS-2. This can be attributed to the RPN groups that enhance 
the hydrophobic character of RPN-SiO2 compared to Hypersil APS-2. With respect to the 
surface RPN groups, catalytic activity decreases in the order BzPN > iBuPN > iPrPN > PrNH2 
(entries 3, 6, 7 and 1, respectively, Fig. 4.12), in line with decreasing the size of R group. The 
best catalyst performance with the BzPN group may be attributed to arene-arene π- π 


































catalytic activity by increasing the local concentration of benzothiophene around the active 
sites. Another contributing factor may be the basicity of the phosphazene ring, which is affected 
by the primary amine substituent groups.71 Increased basicity would strengthen the interaction 
between the active peroxo-POM species and the RPN surface group to provide more effective 
immobilisation. This would enable more effective phase transfer of the peroxo-POMs in the 
reaction mixture as a result.   
 
Fig. 4.12. Comparison of activity of PMo catalyst with different RPN-SiO2 supports for the 
conversion of DBT to the corresponding sulfone. (PMo/RPN = 1:1 mol/mol) in DBT oxidation 
by H2O2 in heptane-H2O system (60 
oC, PMo (0.0056 mmol), 30% H2O2 (0.15 mL, 1.51 mmol), 
DBT (0.5 mmol), heptane (10 mL)). 
 
The reactivity of benzothiophenes was found to decrease in the order: DBT > DMDBT > BT 
(Table 4.4, entries 3, 10 and 11). The same trend has been also observed in homogeneous 
systems (System One, Section 3.5),11,63,72-75 and can be attributed to the electron-donating and 


































As expected, the reaction rate increased with increasing temperature (Fig. 4.13); for the 
oxidation of DBT with the PMo/BzPN-SiO2 catalyst, the apparent activation energy was found 
to be 47 kJ mol-1 in the temperature range 40 – 60 oC (Fig. 4.14).   
 
Fig. 4.13. Comparison of activity of PMo/BzPN-SiO2 at different temperatures (PMo/BzPN = 
1:1 mol/mol) in DBT oxidation by H2O2 in heptane-H2O system (PMo (0.0056
 mmol), 30% 
H2O2 (0.15 mL, 1.51 mmol), DBT (0.5 mmol), heptane (10 mL)).  
 
Fig. 4.14. Arrhenius plot of initial rates for DBT oxidation by H2O2 catalysed by PMo/BzPN-
SiO2 (PMo/BzPN = 1:1 mol/mol) in heptane-H2O2 system (PMo (0.0056
 mmol), 30% H2O2 

























































Most importantly, the PMo/BzPN-SiO2 catalyst was found to be more active than its 
homogeneous analogue, PMo-BzPN (System One). PMo/BzPN-SiO2 (PMo/BzPN = 1:1) 
yielded 94% DBT conversion in 2 h at 50 oC, whereas DBT was only converted up to 28 and 
49% with PMo/BzPN in a 1:1 ratio and 1:6 ratio, respectively, under the same reaction 
conditions (Fig. 4.15).63 This may be explained by adsorption of DBT onto the surface of 
PMo/BzPN-SiO2 silica support increasing the local concentration of DBT around the active 
catalyst sites. Interactions between the active surface groups and DBT may be aided by the 
flexible aminopropyl tethers between silica and BzPN, which increase the mobility of the active 
peroxo-POM/BzPN units at the silica surface.  
 
Fig. 4.15. Comparison of heterogeneous PMo/BzPN-SiO2 (PMo/BzPN = 1:1) and 
homogeneous PMo-BzPN (PMo/BzPN = 1:1 or 1:6) catalysts for oxidation of DBT with H2O2 
(50 oC, PMo (0.0056 mmol), 30% H2O2 (0.15 mL, 1.51 mmol), DBT (0.5 mmol) and heptane 



































The PMo/BzPN-SiO2 catalyst is not only more active in the oxidation of benzothiophenes with 
H2O2 than its homogeneous analogue, but it also provides the advantages of heterogeneous 
catalysts, namely easier and cleaner catalyst separation from fuel by simple filtration. The solid 
PMo/BzPN-SiO2 catalyst could be easily recovered and, after washing with acetonitrile to 
remove the sulfone product, could be reused at least three times in the oxidation of DBT at 60 
oC for 6 h per run, giving 100% DBT conversion after each use. These results are shown in Fig. 
4.16. It can be seen that the initial rate of DBT conversion has decreased in the first reuse (Run 
2), and there was a further decline in the reaction rate in the second reuse (Run 3). This may be 
due to loss of catalyst by transfer during the catalyst recovery procedure and/or leaching of the 
active species from the catalyst during the reaction and/or during the recovery procedure. 
Comparison of the SEMs measured for fresh and spent PMo/BzPN-SiO2 catalyst (Fig 4.8) 
shows that fresh PMo/BzPN-SiO2 had a higher quantity of smaller particles attached onto the 
surface compared to the spent catalyst. It is possible that the smaller particles were washed out 
during the oxidative desulfurization reaction, or during the isolation and washing of the catalyst 







Fig 4.16. Reuse of PMo/BzPN-SiO2 catalyst for DBT conversion to DBT sulfone by H2O2 in 
heptane/H2O system. Initial run used (0.0129g, 0.0056
 mmol) PMo, (0.0592 g, 0.0056 mmol 
WRT surface BzPN) Hypersil APS-2 (BzPN), (0.15 ml, 1.51 mmol, 30% w/v) H2O2, (0.4 
mmol) dodecane, (0.5 mmol) DBT and (10 ml) heptane. Reaction temperature was 60oC and 
stirring speed was 1500 rpm. Subsequent runs reused catalyst powder produced in situ after 
solvent washings with fresh (0.15 ml, 1.51 mmol, 30% w/v) H2O2, (0.4 mmol) dodecane, (0.5 
mmol) DBT and (10 ml) heptane. 
 
The PMo/BzPN-SiO2 catalyst compares well regarding its activity with other heterogeneous 
catalysts that have been reported recently for the oxidation of DBT with hydrogen peroxide 
using a 2-5 mol/mol ratio H2O2/DBT in model diesel fuel.
16-18 For example, Tiiv grafted onto 
silica gives 99% DBT conversion to sulfone in isooctane with 10-60% H2O2 at 60 
oC in 8 h 
reaction time.16 With hybrid catalysts comprising Zr and Hf oxoclusters in 
poly(methylmethacrylate) matrix, 84% DBT conversion to sulfone with 94% selectivity has 
been obtained in n-octane with 30% H2O2 at 65 


































composite comprising PW11Zn and 2-aminoterephthalic acid in n-octane-[BIMIM]PF6 
biphasic system at 50 oC gives 70% DBT conversion in 4 h and ~100% in 6 h reaction time, 
though this was obtained using a 50-fold molar excess of 30% H2O2 over DBT.
18 In this system, 
the ionic liquid [BIMIM]PF6 has been used to extract the product sulfone from the model 
diesel. In comparison, PMo/BzPN-SiO2 catalyst gives 100% DBT conversion in heptane with 
30% H2O2 at 60 
oC in 3 h reaction time. 
The proposed reaction scheme for oxidation of DBT in model diesel fuel (heptane) by H2O2 
catalysed by POM/RPN-SiO2 in this system is shown in Scheme 4.4. In the initial step POM 
degrades in the presence of H2O2 in the aqueous phase to form catalytically active 
peroxopolyoxometalate species (1).69 These species are then heterogenized by interaction with 
the surface RPN groups of the RPN-SiO2 support (2) via ionic and hydrogen bonding 
interactions (RPN forms cationic species through protonation of ring nitrogen sites in the 
presence of strong Brønsted acids).63,64,71,76 The active peroxopolyoxometalate species then 
oxidise DBT in the diesel fuel to DBT sulfone (3). The sulfone, poorly soluble in heptane and 
insoluble in water, precipitates out (4). The supported POM, now an oxo species, is regenerated 
by H2O2 from the aqueous phase to reform the active peroxo-POM species (5), thus completing 
the catalytic cycle. In this multiphase system, intense stirring is essential to facilitate the 
heterogeneously catalysed oxidation process. Sulfur-free diesel fuel could be separated from 
the catalyst and sulfone product by filtration once the reaction had reached completion. The 






Scheme 4.4. Proposed reaction scheme for oxidation of DBT by H2O2 catalysed by POM/RPN-
SiO2 in three-phase system. 
 
4.5 Epoxidation of Olefins 
As with oxidative desulfurization, Keggin-type polyoxometalates (PMo, PW and SiW) 
immobilized onto the RPN-functionalized silica support, POM/RPN-SiO2, were used as 
heterogeneous catalysts for epoxidation of cyclooctene by H2O2. The reactions were tested in 
a biphasic system comprised of n-heptane, toluene or DCE as an organic solvent and aqueous 
H2O2 (10% w/v). In these experiments, the POM/RPN-SiO2 catalysts were prepared in situ by 
adding POM (as the corresponding heteropoly acid) and RPN-SiO2 components separately to 
the reaction mixture to ensure more efficient activation of the POM by hydrogen peroxide prior 




The catalytic activity of iBuPN-SiO2 and PMo was first compared with the activity of 
unmodified Hypersil APS-2 with PMo to see if functionalisation of the commercially available 
silica with RPN can enhance catalytic activity in epoxidation of cyclooctene with H2O2. The 
reaction was run in a heptane/H2O system and the results are illustrated in Fig. 4.17. The 
reaction with PMo/iBuPN-SiO2 catalyst shows an improved yield of 24% over 5% given by 
PMo with unmodified silica with surface aminopropyl groups after 180 min. Functionalisation 
with RPN improved catalytic activity as was also previously reported for oxidative 
desulfurization. This is possibly due to more effective intermolecular interactions between the  
 
 
Fig. 4.17. Comparison of catalytic activity of Hypersil APS-2-PMo and PMo/iBuPN-SiO2 in 
biphasic epoxidation of cyclooctene by H2O2. PMo (0.0062 mmol), unmodified Hypersil APS-
2 or iBuPN-SiO2 (0.0062 mmol with respect to iBuPN), H2O2 (1.01 mmol, 10% w/v), decane 
(2.13 mmol), cyclooctene (9.71 mmol) and heptane (10 mL). Reaction temperature was 60 oC 




































active peroxo POM species and the surface phosphazenes than between peroxo POM and 
propylamine (i.e. stronger ionic interactions and more available hydrogen bonding groups). 
More effective interactions would enable more effective immobilisation of the active peroxo 
species on the catalyst surface which would increase the concentration of active peroxo POM 
species available to cyclooctene for reaction. 
The effect of polyoxometalate on activity was measured using different polyoxometalates and 
iBuPN-SiO2 as a support in a heptane/H2O system (Fig. 4.18.). As previously seen in the 
desulfurization of dibenzothiophene with POM/RPN-SiO2 catalysts, and in the epoxidation of 
olefins using System One (Section 3.3), catalytic activity with respect to the final cyclooctene 
oxide yield decreases in the order PMo > PW > SiW. However, as shown in Fig. 4.18, the 
initial rate of reaction increases in the order PW > PMo > SiW which indicates that PW is the 
most active catalyst in these reactions. After 60 min, the reaction with PW starts to slowly 
deactivate, whilst the reaction with PMo proceeds at an almost constant rate. Both reactions 
fully deactivate after 180 minutes. Faster deactivation of the PW catalysed reaction may be due 
to faster thermal decomposition of H2O2 in the presence of PW catalyst species than PMo 






Fig. 4.18. Effect of POM on biphasic epoxidation of cyclooctene with H2O2 catalysed by 
POM/iBuPN-SiO2. Per run used POM (0.0062 mmol), iBuPN-SiO2 (0.0062 mmol with respect 
to iBuPN), H2O2 (0.3 mL, 1.01 mmol, 10% w/v), decane (2.13 mmol), cyclooctene (9.71 mmol) 
and heptane (10 mL). Reaction temperature was 60oC and stirring speed 1500 rpm. 
 
The reaction conditions were further optimised by running the reaction in systems using 
different solvents and different RPN-SiO2 supports. These results are summarised in Table 4.5. 
The activity in different solvents decreases in the order of DCE > toluene > heptane regardless 
of which RPN-SiO2 is used. This is likely the result of general solvent effects (e.g. solubility 
and solvent binding) imposing on interactions between cyclooctene and the active catalyst 
groups. Any improvements in activity with the change in R group will likely be a reduction of 
these effects provided by the group. However, evidence of leaching (see below) suggests that 
the activity in different solvents may result from changes in solubility of the leached active 
catalyst species provided by the RPN R group. In DCE and in heptane, the activity decreases 

































increasing size of R group. The observed order could be attributed to increasing solubility of 
the R group. 
Table 4.5. Comparison of RPNs and effect of solvent on biphasic epoxidation of cyclooctene 
by H2O2.
a  
Entry RPN-SiO2 Solvent 
Cyclooctene 





1 iBu Heptane 23 23 
2 iBu Toluene 67 67 
3 iBu DCE 73 73 
4 Bz Heptane 25 25 
5 Bz Toluene 48 48 
6 Bz DCE 76 76 
7 iPr Heptane 19 19 
8 iPr Toluene 55 55 
9 iPr DCE 70 70 
aPMo (0.0062 mmol), RPN-SiO2 (0.0062 mmol with respect to surface RPN), H2O2 (1.01 
mmol, 10% w/v), decane (2.13 mmol), cyclooctene (9.71 mmol) and solvent (10 mL). 
Reaction time 5 h, temperature 60oC and stirring speed 1500 rpm. 
 
In toluene, activity decreases in the order of iBu > iPr > Bz (entries 2, 5 and 8, respectively) 
which shows greater activity for the aliphatic R groups over the aromatic R group. None of the 
reactions gave 100% epoxycyclooctane yield and titrations showed > 97% H2O2 had been used 




Catalyst reuse was tested using the best system, PMo/BzPN-SiO2 with DCE organic solvent at 
60 oC and 1500 rpm stirring speed, and each run was stopped after 5 hours. The results are 
shown in Fig. 4.19. 
        
 
Fig. 4.19. Reuse of PMo/BzPN-SiO2 catalyst for biphasic epoxidation of cyclooctene by H2O2 
in DCE/H2O system. Initial run used PMo (0.0062 mmol), BzPN-SiO2 (0.0062 mmol with 
respect to BzPN), H2O2 (0.3 mL, 1.01 mmol, 10% w/v), decane (2.13 mmol), cyclooctene (9.71 
mmol) and DCE (10 mL). Reaction temperature was 60oC and stirring speed 1500 rpm. 
Subsequent runs reused catalyst powder produced in situ (after solvent washings) with fresh 
H2O2 (0.3 mL, 1.01 mmol, 10% w/v), decane (2.13 mmol), cyclooctene (0.971 mmol) and DCE 
(10 mL). Reaction time was 300 min per run. 
 
The catalyst could be isolated and reused twice without any notable loss in catalytic activity, 
giving a 70% yield cyclooctene oxide for the first two runs. After three runs, the yield had 
dropped to 59%, indicating a loss in catalytic activity. This could be the result of catalyst 

































To test if catalyst leaching had occurred, the 31P NMR spectrum of the organic layer was 
measured after each run. The volume was greatly reduced by evaporation at room temperature 
to increase the concentration of any leached catalyst. The spectra showed no signals for PMo, 
peroxo PMo species or BzPN, indicating that leaching may not be the cause of catalyst 
deactivation. 
As a further test to see if leaching in this solvent system was possible, BzPN-SiO2, PMo and 
H2O2 was stirred under reaction conditions in DCE/H2O. The DCE layer was isolated and 
analysed by UV/Vis (Fig. 4.20). A peak at 248 nm is comparable to one that was observed at 
247 nm by Rana Yahya in the UV-vis spectrum of a BzPN-PMo (6 :1) DCE/H2O mixture with 
H2O2 (Fig. 4.21).
77 This peak was believed to be caused by a PMo species, which indicates that 
there is a strong possibility of leaching of BzPN-PMo from PMo/BzPN-SiO2 in a DCE/H2O 
solvent system.  
 
 
Fig. 4.20. UV-Vis spectrum of DCE layer after stirring BzPN-SiO2, PMo and H2O2 in DCE-
H2O system to check for catalyst leeching. PMo (0.0062 mmol), BzPN-SiO2 (0.0062 mmol 
with respect to BzPN), H2O2 (1.01 mmol) and DCE (10 mL). Reaction temperature 60
oC and 






Fig. 4.21. UV-Vis spectrum of DCE layer after shaking PMo-BzPN (1:6)/DCE-H2O2-H2O 
system {PMo (0.0065 mmol), BzPN (0.0039 mmol), H2O2 (1.01 mmol), DCE (10 mL), H2O 
(0.3 mL)}. The band is peaked at 247nm.77  
 
The catalytic activity of the best POM/RPN-SiO2, PMo/BzPN-SiO2, was compared with its 
homogeneous counterpart, BzPN-PMo, using conditions from System One (Fig. 4.21). 
Equimolar amounts of PMo were used in reactions with both phase-transfer moieties. BzPN-
PMo was much more catalytically active than PMo/BzPN-SiO2, giving > 99% yield compared 
to 40 % yield after 120 min, respectively. This could be due to the homogeneity of BzPN-PMo 
improving the availability of the active peroxo POM species to the target olefin. The reaction 
with BzPN-PMo appears to occur instantaneously and at a fast rate, whereas there is a clear 30 
min induction period with PMo/BzPN-SiO2. However, it must be noted that a 6-fold excess 
[BzPN]/[PMo] was used for BzPN-PMo due to BzPNs inability to effectively solubilise active 





Fig. 4.22. Comparison of biphasic epoxidation of cyclooctene by H2O2 using PMo/BzPN-SiO2 
or BzPN-PMo as a catalyst. Per run used PMo (0.0086 mmol), BzPN-SiO2 (0.0086 mmol with 
respect to BzPN) or BzPN (0.0515 mmol), H2O2 (0.3 mL, 1.01 mmol, 10% w/v), decane (2.13 
mmol), cyclooctene (9.71 mmol and toluene (10 mL). Used 1: 1 PMo: BzPN-SiO2 and 1:6 
PMo: BzPN.  
 
The PMo/BzPN-SiO2 in DCE/H2O system compares modestly to those reported for other 
catalysts in the literature which use functionalized silica materials as POM supports. MCM-41 
silica supports modified with quaternary ammonium functionalities were used to immobilize 
PW with electrostatic interactions. This system used 3.15: 3.78 [cyclooctene]/[H2O2] mol/mol 
with 35 % (w/w) H2O2 at 50 
oC in CH3CN/H2O system and gave 20% cyclooctene conversion 
with 95% epoxide selectivity after 16 h.78  PW immobilized on dihydroimidazolium-based 
ionic liquid-modified SiO2 was used at 1 mol% with respect to [cyclooctene] in CH3CN/H2O 
system with 30% (w/w) H2O2 as oxidant and 5:1 [cyclooctene]/[H2O2] mol/mol at 60 
oC.79 The 

































The reaction scheme for the system is likely the same as shown in Scheme 4.4, only steps 3 
and 4 - where the active peroxo species on the surface of the catalyst react with the target olefin 
- are slow, resulting in long reaction times. The mechanism for the leeched species is probably 
similar to the Venturello-Ishii mechanism shown in Scheme 1.7.  
 
4.6 Conclusions 
In this study, phosphazene-modified silica supports, RPN-SiO2 (R= benzyl, iso-butyl or iso-
propyl), were prepared by grafting phosphazenes (RPN) onto the commercial Hypersil APS-2 
aminopropyl-modified silica. Keggin-type polyoxometalates (PMo, PW and SiW) have been 
immobilized on RPN-SiO2 supports using the corresponding heteropoly acids as precursors to 
afford the POM/RPN-SiO2 catalysts. Both the supports and the best catalyst, PMo/RPN-SiO2, 
have been characterized by elemental analysis, BET, SEM, multinuclear MAS NMR and FTIR. 
The heterogenized POM catalysts have been tested for oxidative desulfurization of a model 
diesel fuel and epoxidation of cyclooctene in biphasic systems with hydrogen peroxide as the 
oxidant. 
Oxidative desulfurization was tested using a benzothiophene in n-heptane as a model fuel. The 
catalytic activity has been found to decrease with respect to the RPN alkylamino group in the 
order benzyl > iso-butyl > iso-propyl and increase with respect to POM in the order PMo > PW 
> SiW, which is in line with the size of the R group and the stability of the POMs to degradation 
in aqueous solution, respectively.  The most effective catalyst, PMo/BzPN-SiO2, gave 100% 
DBT conversion after 3 h at 60 oC with 68% H2O2 efficiency and was found to outperform 
other recently reported heterogeneous catalysts for similar systems. The catalyst could be 
reused at least three times, giving 100% DBT conversion in 6 h after each use; however, there 




of the catalytically active species and/or loss of catalyst by transfer between vessels, either 
during the reaction or during the catalyst recovery procedure. Comparison of PMo/BzPN-SiO2 
with its homogenous analogue, BzPN-PMo, found PMo/BzPN-SiO2 to be more catalytically 
active; PMo/BzPN-SiO2 (PMo/BzPN = 1:1) yielded 94% DBT conversion in 2 h at 50 
oC, 
whereas DBT was only converted up to 28 and 49 % with PMo/BzPN in a 1:1 ratio and 1:6 
ratio, respectively, under the same reaction conditions. The PMo/BzPN-SiO2 could be more 
easily separated from the reaction mixture than BzPN-PMo after the reaction, although, if the 
active species of PMo/BzPN-SiO2 had leached during the reaction and remained solubilized in 
the fuel layer then this would still need to be removed. 
Epoxidation of cyclooctene was tested in biphasic systems using n-heptane, toluene or DCE as 
an organic solvent and aqueous 10% w/v H2O2 as an oxidant. Catalytic activity in terms of final 
epoxide yield increases with respect to POM in the order PMo > PW > SiW in line with the 
stability of the POMs to degradation in aqueous solution. Reactions with PW appeared to be 
the most active in terms of initial reaction rates, but deactivated faster than reactions catalysed 
by PMo, possibly due to faster thermal degradation of H2O2 in the presence of catalytically 
active PW species. With respect to organic solvent, catalytic activity decreases in the order of 
DCE > toluene > heptane. UV-vis analysis of the organic layer after stirring the catalyst under 
reaction conditions in DCE/H2O system gives a strong peak at λmax 248 nm, which can be 
assigned to PMo species. This, along with the gradual loss of catalytic activity seen in reuse 
experiments, provides strong evidence of catalyst leeching. Changes in catalytic activity with 
respect to the organic solvent may result from changes in solubility of the leeched active 
catalyst species provided by the RPN R group. In the best biphasic system, DCE/H2O, the 
activity of RPNs is of the order Bz > iBu > iPr in line with increasing size of R group, though 
the activity of RPN was found to vary in the other solvents. Again, this could result from 




The best catalyst system, PMo/BzPN-SiO2 in DCE/H2O, gave 76% yield after 5 h at 60
 oC with 
76 % H2O2 efficiency, meaning the epoxidation reaction was competing with thermal 
decomposition of H2O2. The system shows modest catalytic activity when compared to similar 
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5. System Three: Epoxidation of Olefin 
with H2O2 Catalysed by Eutectic RPN-
POMs 
5.1 Introduction 
In Chapter 3, phosphazene-polyoxometalate aggregates (RPN-POMs) comprising Keggin type 
polyanions (POMs), [XM12O40]
m- {X = PV (m = 3) and SiIV (m = 4)}, and lipophilic 
aminocyclotriphosphazene cations [(RNH)6P3N3Hn]
n+ (n =1 or 2) are shown to be catalysts for 
biphasic epoxidation of alkenes with H2O2 (System One). Although the aggregates provided 
good yields and selectivities in these reactions, separation of the catalyst from the products 
once the reaction had reached completion was difficult due to the catalyst remaining solubilised 
in the organic, product-containing layer. The reaction also required the use of volatile organic 
solvents such as toluene which are considered harmful and toxic to the environment. In Chapter 
4, POM was immobilized onto a solid silica support (Hypersil APS-2) through 
functionalization of the silica surface with RPN and subsequent interaction between the surface 
RPN and POM. These catalysts, POM/RPN-SiO2, successfully catalysed the oxidative 
desulfurization of a model fuel and the epoxidation of cyclooctene with H2O2 (System Two). 
However, epoxide yields in the latter reaction were much lower with the heterogeneous 
POM/RPN-SiO2 catalysts than they were with their homogeneous RPN-POM analogues, and 
still required the use of volatile organic solvents.  
Avoiding the use of volatile organic solvents in a reaction system is important as this drives 
down costs, reduces the number of toxic and/or hazardous components in a reaction mixture, 




reaction rates are often increased due to a higher concentration of the reactants.1–3 In the last 
30 years there has been much interest in the use of ionic liquids (ILs) - molten salts that exist 
in the liquid state at temperatures below 100 oC 4 - as reaction media in place of volatile organic 
solvents5–11 due to their reported non-flammability, recyclability and low toxicology.12–15 Their 
use in catalytic reactions is a topic that has been the subject of many reviews,16–18 with many 
ILs also operating as catalysts through appropriation of one of the constituent ions (often 
organometallic cations).4,19–22 
For an ionic liquid to replace a solvent in a reaction system, it must be a liquid at the operational 
temperature of the reaction that is to be mediated. Many ILs are liquids under ambient 
conditions (Room Temperature Ionic Liquids- RTILs).23–25 The methods for the suppression of 
IL melting points have been well researched. 26–28 One particularly successful approach is to 
use mixtures of ionic liquids or their constituent ions to influence the melting points, as well as 
other properties of ionic liquids.24,29,30 Hydrogen-bond donor molecules can be added to tailor 
the properties of ILs also.31 The eutectics formed by mixing ILs and also by the addition of 
hydrogen-bond donors typically have melting points that are lower than either of the individual 
components and are termed deep eutectic ionic liquids or Deep Eutectic Solvents (DESs). 31–33 
Like their conventional ionic liquid analogues, DESs have found application as solvents in 
catalysis34 and synthesis,35 as they often have low-cost components, low volatility, high thermal 
stability, are bio renewable, biodegradable, non-toxic, and can even be water compatible.32,34–
36 Their physiochemical properties are also highly tuneable.32 
In recent years, there has been a growing interest in the use of POM-based ILs in oxidation 
reactions with H2O2 to develop reaction-induced phase separation of catalysts for better 
catalyst-product separation or to forgo the use of volatile organic solvents in the reaction 
altogether by purposing the POM-ILs as catalysts and a reaction medium. A temperature-




ammonium unit and PW has been reported as a catalyst for the oxidation of alcohols with 
H2O2.
37 The catalyst formed a thermo-regulated, stable emulsion species at 90 oC in water 
which raised the catalytic activity and improved catalyst separation. A series of thermo-
regulated self-precipitating POM-based RTILs with PEG chain-functionalized N-
dodecylimidazolium cations have been used as catalysts for epoxidation with H2O2.
38,39 The 
catalyst solubility in each case increased as the temperature was increased during the reaction 
and could self-separate at room temperature once the reaction had reached completion. N-
Methylimidazolium peroxotungstate [HMIm]2[W2O11],  an RTIL, could act as a reaction-
induced phase separation catalyst for the epoxidation of alkenes with H2O2.
40 The reaction 
system was found to switch from a tri-phase to an emulsion and then to a biphase during the 
reaction, and, finally, to complete self-precipitation of the catalyst at the end of the reaction, 
making catalyst recovery and reuse very convenient. Interestingly, the catalyst could also be 
used in the absence of an organic solvent, though it was found that the epoxide yield dropped 
from 100 to 66 % when a suitable organic solvent was not used. 
To improve separation and to avoid using volatile organic solvents in the reaction systems used 
in this study (thus, making the reaction “greener”), it was our aim to suppress the melting points 
of RPN-POM’s for use as catalytically active DESs. This was done by creating mixed 
organoamino substituent phosphazenes using a combinatorial approach to introduce disorder 
into the RPN-POMs and thus suppress the melting point. 
 
5.1.1 Combinatorial Approach to Forming Eutectic RPNs 
RPNs have a rigid, cyclic backbone of alternating P-N bonds. The P atoms have two exocyclic 
bonds each that can coordinate to a variety of different groups such as halides, amines, alcohols 




organoamino substituents (RNH), one or two ring N atoms can be protonated in the presence 
of a strong Brønsted acid to form mono- and di-cationic species as illustrated in Scheme 5.1.41  
 
Scheme 5.1.  Protonation of organoamino phosphazenes (RPNs) with Brønsted acids. 
The most common synthetic route to making RPNs involves forming the ring structure with 
halide substituent groups in the first step. The substituent groups then undergo nucleophilic 
substitution, providing a route to easy functionalization.42–44 Functionalization with 
organoamines enabled formation of solid RPN-POM aggregates through intramolecular 
hydrogen-bonding and ionic interactions of the cationic species with POMs via the amine 
groups and ring N sites. 
RPNs with single organoamino substituents are crystalline at room temperature due to the 
formation of well-ordered lattices through a network of intermolecular hydrogen-bonding 
interactions (see Section 1.4.4.6.2).45  The complex aggregates that these compounds form with 
POMs are also fairly well-ordered, with many examples forming crystal lattice structures which 
have been characterised by single-crystal X-ray diffraction (see examples in Fig. 3.1 – 3.3).46  
To depress the melting point of both the RPNs and RPN-POM aggregates to produce room 
temperature liquids and ionic liquids, respectively, disorder must be introduced into the system 
to disrupt symmetry. However, for the protonated phosphazene species to operate as a cation 
constituent in a DES, the method for introducing this disruption: i) must not affect the stability 




of the ring nitrogen sites for bonding or forming cationic species; iii) must not dramatically 
reduce the number of bonding sites available for complexation with counter anion species.  
Nucleophilic substitution of the chloride substituent groups of the precursor P3N3Cl6 compound 
with two or more primary amine substituents creates a distribution of unique compounds or a 
“library” of mixed-substituent phosphazenes in which there are various component 
phosphazenes with different ratios of each organoamino group (Scheme 5.2). The arrangement 
of the different organoamines around the ring can alter the symmetry of each phosphazene 
molecule, which also gives rise to additional isomers and enantiomers. This is illustrated in 
Table 5.1 for an ideal eutectic RPN mixture synthesized using equal quantities of two primary 
amines (A and B) and assuming that there is an equal probability of substitution with either 
amine at any of the six exocyclic P sites. Table 5.2 shows the total number of unique 
permutations that can be produced when varying the number of primary amines used in the 
reaction mixture, assuming there is no preference for substitution of one amine over the 
other(s). 
 







Table 5.1.  Possible permutations for RPN synthesized using binary mixture of amines. 
Composition Stereoisomers Frequencya 
A6 
 



























             D3h 
1 
A = RNH, B = R’NH 
a This is the relative proportion of a given composition with respect to the distribution of all 
potential compounds that may form.  
 
Table 5.2. The maximum number of unique compounds that can be achieved from 
amine mixtures. 
No. of primary amines No. of unique compounds 
(excluding enantiomers) 
No. of unique compounds 
(including enantiomers) 
1 1 1 
2 13 16 
3 92 138 
4 430 720 
5 1505 2675 





There is a clear exponential increase in the total number of unique compounds that can be made 
by increasing the number of primary amine substituents available for substitution in the 
reaction mixture; for instance, in a binary mixture of amines there are a total of 16 permutations 
possible with 13 unique compounds, whereas, by adding another amine to give a ternary amine 
mixture, the number of possible permutations increases to 138 with a total of 92 unique 
compounds.  Increasing the number of unique and unsymmetrical compounds in a mixture 
increases the disorder in the mixture, making it more difficult for the components to form 
ordered lattice structures which, therefore, supresses the melting point. This can be explained 
using the equation for the change in Gibbs free energy, ΔG (5.1):26 
𝛥𝐺 =  𝛥𝐻 − 𝑇𝛥𝑆 5.1 
 
where ΔH is the change in lattice enthalpy, T is the temperature, and ΔS is the change in 






Introducing a mixture of components into the system will disrupt intermolecular interactions 
by disrupting symmetry, which reduces the change in enthalpy whilst simultaneously 
increasing the change in entropy (disorder). Hence, this leads to a suppression of the melting 
point. Increasing the number of primary organoamino substituents in the reaction mixture 
should, therefore, increase disorder and thus further suppress the melting point of the mixture 
of compounds formed. Equally, with the addition of an appropriate anion to the protonated 
cationic species in these mixtures, the resulting aggregates should display disorder as the 




5.2 Preparation of Eutectic RPNs 
All eutectic RPNs were prepared by Rebekah Upton. Samples were synthesized by refluxing a 
binary or ternary mixture of primary amines with P3N3Cl6 under an inert N2 atmosphere at 120 
oC. All isolated products were liquids at room temperature. The compounds were characterised 
using FTIR, 1H and 31P NMR, CHN microanalysis, mass spectrometry and differential 
scanning calorimetry (DSC). 
FTIR analysis of all mixed RPNs gave spectra with characteristic peaks in the ranges of 3050-
3500 cm-1 (broad, N-H), 2800-2950 cm-1 (C-Halkyl), and 1300-1500 cm
-1 (C-Calkyl) which 
indicate the presence of primary amine groups.45 Examples of these peaks can be seen in the 
spectrum for HexCyPN in Fig. 5.1, in which the spectrum for the parent P3N3Cl6 is also shown. 
Comparison of the P-N peaks in the range of 1050-1300 cm-1 for HexCyPN and 700-1250 cm-
1 for P3N3Cl shows multiple, sharper peaks for HexCyPN due to the presence of cyclic P-N and 
exocyclic P-N bonds with the amine substituents, whereas there is only a single, broad peak 
for P3N3Cl6 from the cyclic P-N bonds. Similar peaks in this range are present in the spectra 







Fig. 5.1. FTIR spectra of (A) P3N3Cl6 and (B) HexCyPN. 
 
 31P NMR was used to indicate the successful substitution of multiple primary amines on the 
phosphazene rings in syntheses using binary and ternary amine mixtures. Fig. 5.2 compares the 
spectra of RPN species synthesized from mono (HexPN) binary (HexiBuPN) and ternary 








Fig. 5.2. 31P NMR spectra of mixed RPNs synthesized from mono (HexPN), binary 
(HexiBuPN) and ternary (HexiBuBuPN) mixtures of primary amines.  
 
Substitution with a single amine (here hexylamine, see HexPN spectrum) produces a single 
peak in 31P NMR spectrum as all phosphorus atoms are in magnetically equivalent 
environments. Using a mixture of amines (HexiBuPN and HexiBuBuPN) produces multiple 
overlapping signals. This is because, using a binary mixture of amines as an example, there are 
up to 13 unique compounds and 3 enantiomers that may form in total (see Table 5.2), and in 
some of these compounds the phosphorus atoms are in magnetically inequivalent environments 
which produce peak splitting. All of the peaks have similar chemical shifts; therefore, the peaks 
overlap in the spectrum. Substitution using a ternary mixture of alkylamino substituent groups, 
(HexiBuBuPN), increases the number of potential unique compounds to 92 and 46 enantiomers 
(see Table 5.2), resulting in the production of more unique compounds with different P 









Another interesting result is that the 31P NMR spectra of compounds with mixed amino 
substituents can show favoured substitution of one amine compared to the other(s). For 
example, iBuPN and HexPN have chemical shifts at 19.6 ppm1 and 18.4 ppm, respectively. It 
may be expected that phosphazene compounds with an equal substitution of both amines, i.e. 
P3N3(HexNH)3(iBuNH)3, would produce a distribution of peaks which would lie centrally 
between the shifts of  the iBuPN and HexPN as isomers of P3N3(HexNH)3(iBuNH)3 would be 
the main products produced (see Table 5.1 for relative distributions). Therefore, for HexiBuPN, 
synthesized from a binary mixture of iBuNH2 and HexNH2, the average position of the peaks 
would be expected to lie at 19 ppm. In the measured HexiBuPN spectrum in Fig. 5.2, the 
average position of the multiple overlapping peaks is shifted upfield from this expected position 
towards HexPN shift at 18.5 ppm, which could indicate a slight preference for hexylamine 
substitution over isobutylamine substitution. This phenomenon can be seen more clearly by 
comparing HexPN, CyPN and HexCyPN shifts in Fig. 5.3. 
Fig. 5.3. Comparison of the 31P NMR spectra of CyPN, HexPN and HexCyPN showing the 








The most intense peaks in HexCyPN spectrum appear around 18.3 ppm which likely indicates 
that there is a greater hexylamine contribution to the phosphorus signals in the HexCyPN 
sample than from cyclohexylamine, hence, there is a greater preference for hexylamine 
substitution over cyclohexylamine substitution.  
Elemental analysis of mixed RPNs shows a close correlation with theoretical values, which 
were calculated based on the mass of compounds which have equal substitution of all amines, 
as it was predicted by statistical distribution calculations that these would possess the average 
mass of all the compounds in the mixture. Mixtures with benzylamine substituents - the most 
carbon-rich amine used for the syntheses of these compounds – have, on average, slightly 
higher experimentally recorded C content than was predicted by the theoretical calculations, 
indicating a preference for benzylamine substitution over other amines. This observation is also 
corroborated with high intensity signals from BzPN contributions in NMR data and mass 
spectrometry data which show slightly greater proportions of benzylamine-containing 
compounds in mixtures synthesized using hexylamine and/or cyclohexylamine substituents 
also. In addition, it should be noted that substitution with cyclohexylamine is also generally 
less favourable than with other substituents, which is likely due to steric effects resulting from 
its relatively large, bulky size. As mentioned previously, 31P NMR of cyclohexylamine-
containing mixed substituent compounds show peaks with very weak signals at shifts 
associated with higher degrees of cyclohexylamine substitution. The mass spectra for eutectic 
RPNs such as HexBzCyPN, HexCyPN and BzCyPN even show low intensities of ions with 
high degrees of cyclohexylamine substitution, and high intensities of ions with high degrees of 
substitution of the other substituents. This is illustrated in the mass spectrum of BzCyPN in 
Fig. 5.4. The molecular weights of (BzNH)6P3N3 (BzPN) and (CyNH)6P3N3 (CyPN) are 771 
and 724, respectively. With the most intense peak at 764 and the most prominent peaks found 





Fig. 5.4. Mass spectrum of BzCyPN. 
 
1H NMR was used in addition to the other techniques to identify the presence of primary amines 
in the mixed RPN mixtures.47 In some of the spectra the overlap of signals made assignment 
of some of the proton environments difficult. 1H13C HMQC (Fig. 5.5) and 1H COSY (Fig 5.6) 
analysis could be used to more clearly assign peaks in 1H NMR spectra to the correct 
alkylamino groups. These techniques could prove useful for the synthesis of RPNs using a 





Fig. 5.5. 1H13C HMQC for HexCyPN. 
 
Fig. 5.6. 1H COSY for HexCyPN. 
DSC was used to determine the phase transitions of the eutectic RPNs (Figs 5.7-5.14). The 




samples from 25 oC up to 150 oC, then cooled the samples down to -80 oC, and finally heated 
the samples back up to 150 oC. The first stage of heating has been omitted for clarity in Figs 
5.7-5.14. With the possible exception of HexBuPN (Fig. 5.9), the samples all appear to have 
glass transitions (Tg), indicating that they do not form completely ordered lattice structures due 
to disorder caused by the mixture of substituent groups. This is expected as the samples are all 
liquids at room temperature. 
 Samples with Bz substituent groups (Figs, 5.7, 5.11 and 5.12) typically have higher Tg, 
possibly due to a preference for substitution of BzNH2 over other substituents (see above) and 
stronger intermolecular interactions resulting from π-bonding between the large number of Bz 
groups. Interestingly, HexBzPN (Fig. 5.11) and HexBzCyPN (Fig. 5.12) show broad melting 
point (Tm) peaks at 37 and 22 
oC, respectively, which suggest the presence of microcrystalline 
species in the samples. These could form due to ordered bonding between component RPNs 
with high numbers of BzPN substituents facilitated by π-bonding interactions between Bz 
groups. Hex groups are less bulky than Cy groups, meaning they are less likely to interfere 
with these bonding interactions through steric hindrance, which is why BzCyPN (Fig. 5.7) only 
has a Tg and HexBzPN has a Tg and a Tm. The lower Tg and Tm for HexBzCyPN compared to 
HexBzPN, therefore, result from increased disorder from the extra Cy substituent and the steric 
hindrance this group provides in intermolecular bonding interactions.  
HexBuPN (Fig 5.9) and iBuBuPN (Fig. 5.14) both show eutectic Tm peaks at ca. 3 and 19 
oC 
respectively, indicating microcrystallinity. The peaks are stronger in HexBuPN as both Hex 
and Bu are linear aliphatics, which enables better ordering within the lattice. The peaks in 
iBuBuPN are weaker because, although iBu and Bu are similar in size which can provide some 




         
Fig. 5.7. DSC curve for BzCyPN.                              Fig. 5.8. DSC curve for HexiBuPN. 
         
Fig. 5.9. DSC curve for HexBuPN.                             Fig. 5.10. DSC curve for HexiBuBuPN. 
         






































































































































         
Fig. 5.13. DSC curve for HexCyPN.                           Fig. 5.14. DSC curve for iBuBuPN. 
 
5.3 Preparation of Eutectic RPN Salts 
Eutectic RPN salts (henceforth referred to as eutectic RPN-X, where X = Cl-, NO3
- or POM) 
were prepared by stirring solutions of eutectic RPN with aqueous HCl, HNO3 or HPA at room 
temperature (samples were synthesized by Rebekah Upton). Eutectic RPN-Cl and RPN-NO3 
samples were prepared in DCM/H2O biphasic systems, and eutectic RPN-POM samples were 
prepared in ethanol. Solvents were removed by rotary evaporation. All eutectic RPN-Cl and 
eutectic RPN-NO3 samples were waxes at room temperature, whereas eutectic RPN-POMs 
were generally viscous liquids with a few exceptions.  
FTIR of eutectic RPN-NO3 samples show an NO3 peak at around 1350 cm
-1 in the spectra, and 
characteristic POM peaks were clearly distinguishable in the fingerprint region of the spectra 
for eutectic RPN-POMs, as shown in the spectrum of HexBzCyPN-PMo (Fig. 5.15); 
characteristic peaks of the Keggin anion PMo at 1059 cm-1 (P-O), 949 cm-1 (Mo=O), 874 cm-1 
(Mo-O-Mo corner-sharing) and 783 cm-1 (Mo-O-Mo edge-sharing) indicate that PMo remains 
















































Fig. 5.15. FTIR spectra of HexBzCyPN-PMo (dashed line) and H3PMo12O40 (solid line). 
 
The melting points of all RPN-X DESs are recorded in Table 5.3. With single substituent RPNs, 
there is a general decrease in melting point in line with increasing size of the counter-anion. 
Eutectic RPN-X containing RPNs with only aliphatic substituents show a decrease in melting 
point with increasing size and charge distribution of the counter anion, presumably from greater 
interionic distances and weaker ionic interactions. RPNs with Bz substituents appear to show 
unusually high melting points when coordinated to nitrate counter-ions, though, it is currently 


















Table 5.3. Melting points of RPN-X DESs. 
RPN 





PMo PW SiW 
HexBzPN 
 
- 60-64 72-78 50-57 52-58 - 
HexCyPN 
 
- 64-68 60-63 - - - 
BzCyPN 
 
- 48-52 96-102 96-104 98-110 108-120 
HexCyBzPN 
 
- 55-60 82-85 56-63 - - 
HexiBuPN 
 
- 54-58 52-58 56-62 - - 
HexBuPN 
 
- 73-76 44-51 - - - 
iBuBuPN 
 
- 142-144 130-132 - - - 
HexiBuBuPN 
 
- 58-64 34-39 - - - 
HexPN 
 
40-41 106-109 90-93 - N/A N/A 
BzPN 
 
82-84 128-130 129-133 74-80 N/A N/A 
iBuPN 
 
60-61 202-204 188-190 N/A N/A N/A 





XRD analysis shows that many eutectic RPN-Cl and RPN-NO3 are microcrystalline waxes 
(Figs 5.16 and 5.17, respectively). Peaks with 2θ values between 4-6o give D values in range 
of 22-12 Å which is indicative of the distance between the two lipophilic R-group layers 
sandwiching a polar phosphazene ring layer. Peaks with greater values of 2θ indicate short-
range order within the layers; as Cl- and NO3
- anions are small, they can sit in-plane between 
phosphazene rings and interact with the RPN cations through ionic and hydrogen bonding 
networks which produces this short-range order.   
 
Fig. 5.16. XRD of HexCyPN-Cl. 
 




































Bonding with small anions creates a degree of order within the mixed phosphazenes, which are 
otherwise disordered liquids, leading to the formation of bilayers composed of lipophilic R 
group layers sandwiching a polar in-plane network of ring cations and counter-anions as 
illustrated in Fig. 5.18.  The substituent R groups in the lipophilic layers of these bilayers 
interact with those in lipophilic layers of other bilayers through electrostatic interactions, 
creating layered sheets which gives rise to the micro-crystallinity in the waxes.  
 
Fig. 5.18. Schematic representation of the proposed ordering of RPNH+ and Cl- or NO3
- in 




The formation of bilayers in single crystal X-ray structures of singly-substituted RPN-Cl and 
RPN-NO3 salts have been observed previously in the group. The structure of BzPN-Cl 
displayed in Fig. 5.19 (A) clearly shows the arrangement of the [BzPNH]+ and Cl- ions in the 
ionic layer; each Cl- interacts with three neighbouring [BzPNH]+ ions through hydrogen bonds 
with protonated ring N sites and amine groups on the benzylamine substituents. (B) shows the 
packing of the BzPNs to form the bilayer in which the lipophilic benzyl groups sandwich the 
ionic layer. (C) shows the stacking of the bilayers. The benzyl groups in the lipophilic layers 
are well-ordered and so stacking between the bilayers is also ordered, the electrostatic 
interactions are strong, and so an ordered crystalline lattice can form. In eutectic RPN-Cl, the 
R groups in the lipophilic layers are randomly arranged and are not well ordered, resulting in 
poor electrostatic interactions and so only waxes can form.  
 
Fig. 5.19. Single-crystal X-ray structure of BzPN-Cl. (A) shows short-range order in ionic layer 
between [BzPNH]+ and Cl- ions. (B) shows the structure of the bilayer, where the lipophilic 
benzyl groups sandwich the ionic layer. (C) shows the ordered packing of the bilayers (N, 
purple; P, orange; C, grey; H, white; O, red; Cl-, green; H-bonds, blue dotted lines). 
 
The use of POM counter-anions mostly produced viscous liquids. However, some waxy 
compounds were formed in certain eutectic RPN-POM combinations. XRD patterns indicate 




that the structures formed in these waxes are largely amorphous with potential long-range 
ordering, as shown in Fig. 5.20.  
 
Fig. 5.20. XRD of HexiBuPN-PMo. 
 
The POMs are too big to sit in between phosphazene rings so instead the phosphazenes 
coordinate around the large spherical POM structures through hydrogen bonding and ionic 
interactions in a surfactant-like manner, as seen previously in single crystal X-ray structures of 
RPN-POM aggregates using single substituent RPNs (Section 3.1.1).46 Bilayers cannot form 
between RPNs as the lipophilic R-groups are more disordered in a 3 dimensional orientation 
(long-range disorder), as shown in Fig. 5.21. There will still be some hydrogen bonding, ionic 
and van-der-Waals interactions between different RPN-POM aggregates that form either 
fluxionally (liquids) or non-fluxionally (waxes) in situ. The waxes formed are, therefore, not 
microcrystalline. The only notable exception is with BzCyPN-POM, as substitution of 
benzylamine is greatly preferred over cyclohexylamine. This leads to generation of more 



















the RPN-POM complexes that are made (Fig. 5.22). Packing may even be aided by π-
interactions between benzyl groups.  
 
Fig. 5.21. Schematic representation of the proposed packing of RPNH+ and POM ions in 
eutectic RPN-POM composites. 
 
 




















The 31P NMR spectra of eutectic RPN-POMs show strong singlet peaks at ~-15 ppm for PW 
and ~-4 ppm for PMo with no lacunary POM peaks present, indicating that the POMs have not 
degraded during preparation. All phosphazene signals are shifted upfield and formed broader, 
smoother, overlapping peaks compared to those of the starting RPNs. This can be accredited 
to protonation of the phosphazene ring sites and fast proton exchange between intra- and inter-
molecular N ring positions.  
 
5.4 Epoxidation of Olefins Catalysed by Eutectic RPN-POM 
Epoxidation of cyclooctene by H2O2 was conducted in biphasic RPN-POM/H2O system in the 
absence of solvent using the method outlined in Section 2.3.3.3. Representative results are 
shown in Table 5.4. HexCyPN-PMo was used as a reaction medium/ catalyst and 1.1:1 molar 
ratio of [cyclooctene]/[H2O2] was used with a slight stoichiometric excess of cyclooctene to 
improve epoxide selectivity whilst minimising waste. Initial reactions were run for 4 h at 60 
oC and gave 95% epoxide yield with 98 % epoxide selectivity (entry 1). In an attempt to 
improve the epoxide yield, the reaction time was increased to 6 h which saw a decrease in both 
epoxide yield and selectivity to 90 % and 92 %, respectively (entry 2). A decrease in mass 
balance to 93 % indicated the formation of another unidentified product which was represented 
by a peak in the chromatogram. It was believed to be a hydrolysis product from the epoxide, 
however further testing showed that this peak was not cyclooctene diol. 
Reducing [cyclooctene]/[H2O2] reduced the product yield and selectivity (entry 3), possibly 
favouring hydrolysis or over-oxidation of epoxide products over epoxidation as [cyclooctene] 




After 1 hour, the reaction had not reached completion (entry 4), showing that this system 
conducted cyclooctene epoxidation slower than System One, which used homogeneous BzPN-
PMo-based catalyst in the presence of organic solvent and gave 99 % conversion after 30 min. 
 
Table 5.4. Optimization of reaction conditions for HexCyPN-PMo catalysed epoxidation of 





















1 4 60 3.4 95 85 99 98 
2 6 60 3.4 95 90 93 92 
3 4 60 3.24 92 92 93 92 
4 1 60 3.4 37 31 102 105 
5 4 30 3.4 21 28 90 64 
HexCyPN-PMo (0.0125 mmol) catalyst, H2O2 oxidant (3.0 mmol, 30% w/w). [HexCyPN-
PMo]/[H2O2] 1: 240 mol/mol, [cyclooctene]/[H2O2] = 1.1:1 mol/mol. 
 
Reducing the temperature to 30 oC (entry 5) greatly slowed down the rate of the reaction but 
illustrated that the catalyst is still active at temperatures close to ambient conditions. 
In our search for the best possible RPN-POM IL catalyst, we created a library of different 
eutectic RPNs with PMo and tested their catalytic activity in epoxidation of cyclooctene with 
H2O2. The results are recorded in Table 5.5. Single-substituent RPN-PMo BzPN-PMo and 




Table 5.5. Comparison of RPNs with PMo as catalysts for epoxidation of 













HexCyPN 95 85 99 98 
HexBzCyPN 80 73 98 97 
HexBzPN 92 86 96 94 
HexPN 96 84 100 100 
HexiBuBuPN 92 83 98 98 
BzPN 94 79 103 104 
HexBuPN 96 81 104 105 
BzCyPN 66 64 95 92 
iBuBuPN 86 81 95 94 
HexiBuPN 92 88 94 93 
RPN-PMo (0.0125 mmol) catalyst, H2O2 oxidant (3.0 mmol, 30% w/w), [RPN-
PMo]/[H2O2] = 1: 240, [Cyclooctene]/[H2O2] = 1.13: 1, 60 
oC reaction temperature 
and 4 h reaction time. 
 
Catalytic activity generally decreases with the increasing number of substituent amines used to 
functionalize the phosphazene: RPN > RR’PN > RR’R”PN (where R = primary amine), with 
the most effective catalysts being HexPN-PMo, BzPN-PMo, HexBuPN-PMo and HexCyPN-
PMo. Eutectic RPNs including Bz and Cy together generally give lower product yields – 
probably due to bulky groups providing steric hindrance to catalytically active species in situ. 




(as used in System One, Section 3.3) is not necessary for the reaction to occur. However, 
HexPN-PMo solubilizes well in heptane, which was used as a solvent for product extraction, 
which makes separation of catalyst and product difficult when using this catalyst. BzPN-PMo 
is not a liquid at the 60 oC reaction temperature, therefore, it is more accurate to describe this 
system as BzPN-PMo aggregates solubilized in cyclooctene than vice versa. Cy in HexCyPN-
PMo reduces the solubility of RPN-POM species in heptane, which now makes solvent 
extraction of products more viable through the use of heptane. A comparison of the catalytic 
activity of HexCyPN-POM with regards to different POMs is summarized in Table 5.6. The 
catalytic activity increases with respect to POM in the order: PMo > PW > SiW in line with 
the results obtained in homogeneous and heterogeneous systems (Chapter 3 and 4). The activity 
with respect to POM can be described using equations 3.2-3.4 and the corresponding 
explanation in Section 3.3.  
 
Table 5.6. Comparison of POM’s as catalysts with HexCyPN for epoxidation of 













PMo 95 85 99 98 
SiW 29 34 92 75 
PW 43 56 81 68 
HexCyPN-POM (0.0125 mmol) catalyst, H2O2 oxidant (3.0 mmol, 30% w/w), [HexCyPN-
POM]/[H2O2] = 1: 240, [Cyclooctene]/[H2O2] = 1.13: 1, 60 
oC reaction temperature and 4 





Catalyst reuse was tested following the procedure outlined in Section 2.3.3.3; the results are 
shown in Table 5.7. The catalyst could be re-used at least 4 times to give > 91% yield of 
epoxycyclooctane without any appreciable loss in selectivity or mass balance, indicating very 
little to no loss in catalytic activity and little to no loss of catalyst in the extraction process. 31P 
NMR analysis on the extraction solvent phases did not show any characteristic peaks for either 
the phosphazenes, POMs, or degraded POM species, indicating very little to no loss of the 
catalyst by dissolution during the extraction procedure. The increase in catalyst activity in runs 
2 and 3 to 95 and 99%, respectively, are probably due to formation of active peroxo PMo 
species after the first run which are then readily available in the subsequent runs.48-50 RPN-
POM ILs, therefore, show promise as catalytically active media for the development of solvent-
less oxidations with H2O2.       
  














1 91 85 95 95 
2 95 90 94 93 
3 99 93 95 94 
4 91 84 96 96 
HexCyPN-PMo (0.0125 mmol) catalyst, H2O2 oxidant (3.0 mmol, 30% w/w), [HexCyPN-
PMo]/[H2O2] = 1: 240, [Cyclooctene]/[H2O2] = 1.13: 1, 60 
oC reaction temperature and 4 





Epoxidation of 1-hexene was also tested and the results are shown in Table 5.8. The 
reactions were run for 4 h and 18 h and show little to no epoxide yields. In both cases, there 
was a variety of product peaks present in the chromatograms and the intensity of these 
product peaks were much larger after the reactions were run for 18 h. Hexene conversions 
of 30 % and 64 % for 4 h and 18 h, respectively, suggest that these peaks are products of 
other hexene side reactions, which implies that hydrolysis products and/or polymers are 
likely formed. 
Table 5.8. Epoxidation of 1-hexene with H2O2 catalysed by HexCyPN-PMo. 












4 1 30 75 2 
18 0 64 N/A 0 
HexCyPN-PMo (0.0125 mmol) catalyst, H2O2 oxidant (3.0 mmol, 30% w/w), 




The effect of stirring speed on the reaction was measured using an excess of cyclooctene 
([cyclooctene]/[H2O2] = 10:1) so that the reaction could be monitored by the measurement of 
aliquots after pre-determined time intervals. The results in Fig. 5.23 show that after a 4 h time 
period the reaction produced the same product yield (ca. 95 %) regardless of stirring at speeds 
above 500 RPM. Comparison of yields obtained after 60 min (Fig. 5.24) show that above 1000 
RPM stirring speed the reaction is no-longer under the influence of mass transport or diffusion 





Fig. 5.23. Effect of stirring speed on cyclooctene epoxidation by H2O2 with HexCyPN-PMo 
catalyst at 60 oC. The reaction system included HexCyPN-PMo (0.0125 mmol), cyclooctene 
(30 mmol), decane (2.14 mmol) and hydrogen peroxide (3.0 mmol, 30 % w/w).  
 
 
Fig. 5.24. Comparison of epoxide yields achieved after 60 min at 60 oC and different stirring 
speeds for cyclooctene epoxidation by H2O2 with HexCyPN-PMo catalyst. The reaction system 
included HexCyPN-PMo (0.0125 mmol), cyclooctene (30 mmol), decane (2.14 mmol) and 
hydrogen peroxide (3.0 mmol, 30 % w/w).  





































The eutectic RPN-POM catalysts compare very well with IL catalysts used in the solventless 
epoxidation of olefins with H2O2. Two POM-RTILs, prepared by paring alkylimidazolium 
cations with Venturello ions (Fig. 5.25), were tested under almost identical conditions to those 
used in this study (cyclooctene (3.0 mmol), [cyclooctene]/[H2O2] = 1:1 (mol/mol), 60 
oC 
reaction temperature, 4 h reaction time).38  
 
Fig. 5.25. Structure of POM-RTILs, comprised of alkylimidazolium cations and Venturello 
ions, which were used as catalysts for the epoxidation of olefins with H2O2 in the absence of 
solvent.38   
Reactions with 5a and 5b gave 96 and 95 % cyclooctene epoxide yields, respectively, with 99% 
selectivity. HexCyPN-PMo gave practically identical results, with 95 % yield and 98% 
selectivity. Catalyst reuse of 5b saw a gradual decline in activity from 95-90 % over the first 4 
runs, whereas with HexCyPN-PMo there was no obvious decline in activity, with epoxide 
yields in the range of 91 - 99% and an average selectivity of ca. 95%. The procedure for making 
5a and 5b appears to be much more laborious than that used for the synthesis of HexCyPN-
PMo. 
Guanidinium-based phosphotungstates with guanidinium ionic liquids have also been used as 
catalyst/solvent systems for epoxidation of cyclooctene with 1.3 equivalents of 30 % H2O2.
51 
A 79% epoxide yield with 95% selectivity was obtained in initial runs at 60 oC after 24 h. After 




comparison, HexCyPN-PMo requires only a 4 h reaction time and gives up to ca. 16% higher 
epoxide yield from the initial run. In addition, it is also worth noting that HexCyPN-PMo uses 
Mo instead of W, which can decrease the catalyst weight by up to 25%.  
The proposed reaction scheme for epoxidation of cyclooctene with H2O2 catalysed by eutectic 
RPN-POM ionic liquid is shown in Scheme 5.3. In the initial step 1, POM degrades in the 
presence of H2O2 at the interface to form a catalytically active peroxo POM species. The active 
peroxo POM species interact with cyclooctene in step 2 to form epoxide and an oxo POM 
species (step 3). The oxo POM interacts with H2O2 at the interface to regenerate the active 
peroxo POM (4), thus completing the catalytic cycle. Once the reaction is complete, the 
epoxycyclooctane product can be separated from the catalyst ionic liquid by solvent extraction, 
and the catalyst can be reused. 
 
Scheme 5.3. Proposed mechanism for epoxidation of cyclooctene by H2O2 catalysed by a 






Eutectic RPN-POMs have been demonstrated to be efficient catalysts for the epoxidation of 
olefins with H2O2. Reactions do not require the use of volatile organic solvents in these 
systems, and the catalyst and product can be easily separated once the reaction is complete 
through solvent extraction of the product, which was much more difficult for single substituent 
amine RPN-POMs as they were also soluble in these solvents. HexCyPN-PMo could be 
recycled at least 4 times without any observable loss in catalytic activity. Activity with respect 
to POM increased with decreasing aqueous stability (PMo > PW > SiW) and PMo-based 
catalysts performed well compared to other previously reported POM-based ILs in similar 
reaction systems.  
Additionally, it was shown that eutectic RPNs, formed by reacting P3N3Cl6 with a mixture of 
primary amines using a combinatorial approach, can be used as a base to produce eutectic ionic 
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6. General Conclusions 
Oxidation reactions are used in both industry and academia for a variety of applications such 
as the manufacture of chemicals, materials, fuels, and the production of key intermediates in 
the synthesis of drugs. The oxidation reactions used in these processes are selective as they 
target specific reactant(s) to produce specific product(s), 1–3 and are often carried out in liquid 
phase systems using an oxidizing agent. Hydrogen peroxide is an attractive agent as it is 
relatively cheap to purchase, it has an atom efficiency of 47% in oxidation reactions, and its 
only by-product is water.4 A catalyst is required to activate H2O2 before it can react with the 
target substrate. Keggin-type polyoxometalates (POMs) – nano-sized metal oxygen cluster 
anions with the formula [XM12O40]
8-n comprised of twelve oxygen-sharing MO6 octahedra 
(most typically M = MoVI, WVI and VV) which encapsulate a central tetrahedron ([XO4]
n-, 
typically X = PV, SiIV etc.) – are particularly good catalysts for this purpose, and reactions of 
this type typically operate using the Venturello-Ishii system.5  In this system, the POMs 
decompose in the presence of excess hydrogen peroxide to form peroxo complexes (e.g. the 
Venturello complex,6 {PO4[WO(O2)2]4}
3-) which are the active species in these reactions. 
These species are hydrophilic and are solubilised in water whereas the target reactants are 
lipophilic and thus are dissolved in an organic solvent; the two immiscible solutions form a 
liquid-liquid biphasic system. Phase-transfer catalysts (PTC), typically quaternary ammonium 
cations, are employed to facilitate the migration of the active peroxo species between the two 
phases for the oxidation reaction to occur, and enables regeneration of the active species at the 
interface.7    
Epoxidation of olefins and oxidative desulfurization of diesel fuels are both important reactions 
that can operate via the Venturello-Ishii system. Oxidation of olefins is used to produce 




intermediates in organic syntheses.8–12 Oxidative desulfurization is an emerging technology for 
the removal of heavy aromatic organosulfur compounds from vehicular diesel fuels, which 
cannot be easily removed by commercialized processes, such as hydrodesulfurization, HDS, 
without increasing the cost of processing and compromising fuel quality.13–15 The removal of 
these compounds is important as their combustion produces SOx gasses which are harmful to 
health and the environment. As such, there have been increasingly strict environmental 
regulations imposed on the sulfur content of diesel fuels used in transportation vehicles which 
has decreased from 2000 to 10 ppm over the last 20 years.16–18 
In this study, it has been demonstrated that phosphazene-polyoxometalate (RPN-POM) 
aggregate salts – comprised of alkylaminocyclotriphosphazenes, (RNH)6(P3N3) (henceforth, 
RPN, where R = iso-butyl, iBu; iso-propyl, iPr; hexyl, Hex; benzyl, Bz; Cy, cyclohexyl; Bu, 
butyl) and Keggin-type polyanions – are effective catalysts for olefin epoxidation and 
desulfurization of diesel fuel using H2O2. Three different RPN-POM catalyst systems have 
been developed in this study. System  One used RPN-POM aggregates as catalysts for the 
oxidation of a target substrate (an olefin or benzothiophene) with H2O2 in an aqueous biphasic 
system in a continuation of our previous work.19 The study of this system mainly focussed on 
the effect of the RPN phase-transfer catalyst moiety on the catalytic activity with respect to the 
organic solvent used. System Two employed a heterogeneous RPN-POM catalyst, POM 
immobilised on RPN-functionalised silica (POM/RPN-SiO2), for oxidation reactions with 
H2O2 in a triphasic system, with the aim of improving the ease of catalyst-product separation, 
compared to System One, whilst maintaining good conversions or yields of benzothiophenes 
or epoxides, respectively. In System Three, eutectic ionic liquids, comprised of RPNs with 
mixed organoamino substituent groups (eutectic RPNs) and POMs, were presented as 




developed to be a green reaction system by avoiding the use of volatile organic solvents in the 
reaction mixture.  
In System One, catalytic activity with respect to POM in both olefin epoxidation and oxidative 
desulfurization typically increased in line with decreasing aqueous stability and in the order: 
PMo > PW > SiW. With respect to RPN, activity decreased with decreasing the size of R group 
in the order: Bz > iBu > iPr, which can be explained by increasing phase-transfer efficiency of 
RPN due to the relative solubility of the substituent R groups in the organic phase. The best 
catalyst, BzPN-PMo ([BzPN]/[PMo] = 6:1), gave >99 % cyclooctene oxide yield with >99% 
H2O2 efficiency after 30 min in PhMe/H2O system with 10:1 ratio [cyclooctene]/[H2O2] and 
1:118 ratio [PMo]/[H2O2]. The system could be reused at least 5 times without observing any 
loss in catalyst activity. For oxidative desulfurization, 100% DBT conversion at 99% H2O2 
efficiency was observed for both the BzPN-PMo and BzPN-PW catalysts within 30 minutes at 
60 oC with a 1:3 [DBT]/[H2O2] molar ratio in a PhMe/H2O system. Moreover, in heptane/H2O 
systems, in which heptane was used as a diesel fuel analogue, the sulfone product precipitated 
from the system due to immiscibility. Activity in this system was found to increase with the 
use of aliphatic substituent groups on RPN, with the most efficient catalyst, HexPN-PMo, 
converting 79% DBT to sulfone with >99% H2O2 efficiency.  
The main issue with this system, however, was that the catalyst remained soluble in the organic 
layer once the reaction was complete which made product separation difficult (separation 
required vacuum distillation to isolate the catalyst which increases system costs and can 
compromise pure product qualities and yields). To improve catalyst separation, System Two 
was developed. RPN-POM was heterogenized using a mesoporous silica support (Hypersil 
APS-2), giving POM/RPN-SiO2 catalyst. The catalysts were synthesized by first 
functionalizing the silica with P3N3Cl6 using aminopropyl tethers, substituting the chloride 




POM onto the surface through ionic and H-bonding interactions with the RPN groups. Analysis 
of the RPN-SiO2 support showed that some of the RPNs had been hydrolysed which produced 
a diverse range of RPN derivatives on the surface. Despite this, POM immobilization was 
successful and POM/RPN-SiO2 were found to be effective catalysts for oxidative 
desulfurization and olefin epoxidation with H2O2.  
The product yield of olefin epoxidation and conversion of thiophene in oxidative 
desulfurization reactions was found to increase with respect to POM with decreasing aqueous 
stability and increasing oxidative potential in the order: PMo > PW > SiW, and increase with 
increasing the size of R group with respect to RPN in the order: BzPN > iBuPN > iPrPN, 
independent of the solvent system used. The best catalyst in oxidative desulfurization, 
PMo/BzPN-SiO2, gave >99% DBT conversion with 68% H2O2 efficiency after 3 h in 
heptane/H2O – in which heptane was used as a model fuel -  at 60 
oC with [DBT]/[H2O2]=1:3, 
[POM]/[H2O2]=1:270 and [POM]/[DBT]=1:90. The catalyst could be reused at least three 
times, giving 100% DBT conversion in 6 h after each use, although, there was a notable loss 
in the rate of reaction between runs which may have been caused by leaching of catalytically 
active species and/or loss of catalyst by transfer between vessels either during the reaction or 
during the catalyst recovery procedure.  At 50 oC using PMo/BzPN-SiO2 (PMo/BzPN = 1:1) 
as a catalyst a 94% DBT conversion was yielded in 2 h, whereas DBT was only converted up 
to 28 and 49 % with the homogenous analogue, PMo/BzPN, in a 1:1 ratio and 1:6 ratio, 
respectively, using System One.  The PMo/BzPN-SiO2 could be more easily separated from 
the reaction mixture than BzPN-PMo after the reaction, although, if the active species of 
PMo/BzPN-SiO2 leached during the reaction and remained solubilized in the fuel layer then 
this would still need to be removed. For olefin epoxidation, the system was much less active 
tha System One, with the best system, PMo/BzPN-SiO2 catalyst in 1,2-dichloroethane (DCE), 





[cyclooctene]/[H2O2] ≈ 10:1, [POM]/[H2O2] = 1:63 and [POM]/[cyclooctene] = 1:1600. 
Though catalyst separation was easier in this system than in System One, catalyst activity was 
much slower and reuse showed gradual loss in activity, giving 59% cyclooctene oxide yield 
after the 3rd run. UV-vis measurements indicated that catalytically active PMo species appeared 
to have leached into the DCE layer; as fresh DCE was used for each run in reuse experiments, 
leached catalytically active species were likely discarded between runs, which probably caused 
the observed decline in yield and activity.  
 In System Three, eutectic ionic liquids - comprised of RPNs with mixed organoamino 
substituent groups (eutectic RPNs) and POMs - were used as multifunctional solvent-catalysts 
for epoxidation of olefins with H2O2. The eutectic RPNs were first synthesized using a 
combinatorial approach by reacting P3N3Cl6 with two or three primary amines and then the 
eutectic RPN-POMs were yielded by combining with POM in stoichiometric amounts in 
ethanol and evaporating off the solvent. The system conducted reactions in the absence of 
volatile organic solvents, making them greener than those conducted using System One or 
System Two. One of the best systems, HexCyPN-PMo, was used as solvent-catalyst which 
gave 95% cyclooctane oxide yield with 98% selectivity with respect to cyclooctene conversion 
at 60 oC in a 4 h reaction time with [PMo]/[H2O2] = 1:240 and [Cyclooctene]/[H2O2] = 1.13:1. 
The epoxide product could be isolated using extraction with heptane and the catalyst could be 
reused at least 4 times with no loss in activity. In addition, eutectic RPNs were used as a base 
to produce a range of eutectic ionic liquids by combining these with different Brønsted acids 
(HCl, HNO3 and HPA). These were used to observe the effect of anion size on the packing and 
the melting point of the salts produced with eutectic RPNs. It was found that with smaller ions, 
such as Cl-, many compounds formed microcrystalline waxes composed of ordered bilayers in 
which the anions sat in plane with the hydrophilic phosphazene ring cations, and this ionic 




anions, the salts typically formed viscous fluids or low-melting waxes due to RPNH+ operating 
as ligands around the POM spheres, creating relatively disordered structures.         
In all three systems, activity with respect to POM increased with decreasing aqueous stability 
and increasing oxidative potential in the order: PMo > PW > SiW. This is in line with the ability 
of POM to form peroxo POMs in the presence of H2O2 which are the active intermediate 
species in epoxidation and oxidative desulfurization reactions with H2O2. The only exception 
to this was observed for the epoxidation of olefins with POM/RPN-SiO2 in which PW showed 
higher initial activity than PMo, though PW was found to deactivate much sooner and give a 
lower epoxide yield. Fast deactivation with PW may occur due to faster rate of thermal 
degradation of H2O2 in the presence of the PW catalytically active species. Activity with 
respect to RPN was relative to the catalyst system used. In systems One and Two, activity 
increased with increasing the size of substituent R group in PhMe/H2O and DCE/H2O systems 
for epoxidation in the order: Bz > iBu > iPr, which for the homogeneous system, System One, 
can be explained by increasing phase-transfer efficiency of RPN due to the relative solubility 
of the substituent R groups in the organic phase. In the heterogeneous system, System Two, 
this is may be due to a number of factors: i) pseudo-liquid behavior of the groups in the organic 
solvent providing partial solubility of the active surface groups which makes them more 
available to the target olefin for reaction; ii) increased basicity of RPN which likely binds the 
active peroxo POMs better to the catalyst surface, making them more available to olefin in the 
organic phase; iii) increased solubility of any leached catalytically active species in the organic 
layer provided by the R group, which would make them more available for reaction with the 
target olefin. 
For oxidative desulfurization in System One, the same activity was observed for systems with 
toluene and DCE, but with heptane/H2O it was found that aliphatic R groups, particularly Hex, 




phase-transfer efficiency of RPN due to the relative solubility of the substituent R-groups in 
the organic phase. For System Two, which used a heptane/H2O solvent system, activity 
unexpectedly decreased in the order Bz > iBu > iPr. This is probably due mostly to increased 
solubility with R group of the leached active species from the surface of the catalyst. With 
respect to the active species that remain attached to the catalyst surface (either on the surface 
or in the pores), it is possible that the pseudo-liquid behavior that the groups provide at the 
surface may make the active peroxo groups more available for reaction. The basicity of the 
phosphazene rings may also have an effect as the activity increases with increasing basicity of 
RPN which is likely due to more effective bonding of the peroxo POM to the surface of the 
support.20 It is also possible that π- π arene-arene interactions between the Bz group and the 
benzothiophene rings increased the localized concentration of the benzothiophenes around the 
peroxo groups which made them more available for reaction. 
The reactivity of benzothiophenes in oxidative desulfurization in System One and System Two 
was found to decrease of the order: DBT > DMDBT > BT which can be attributed to the 
electron-donating and steric effects of the benzene rings and the methyl groups of 
benzothiophenes. 
In System Three, the R groups influenced the melting point (Tm) of the eutectic RPNs and the 
corresponding eutectic RPN-POM catalysts. With the range of different primary amines used 
in this study, catalytic activity generally decreased in the order: RPN > RR’PN > RR’R”PN, 
although, differences in conversions and selectivities between some of the best RPNs, R’RPN 
and RR’R”PNs were not significant, namely HexPN (96% yield, 100% selectivity), HexCyPN 
(95% yield, 98% selectivity) and HexiBuBuPN (92% yield, 98% selectivity), respectively. It 
is notable that Hex is a substituent in all three of these compounds which may play some part 
with steric effects and solubility. It is not entirely certain how the choice and number of amines 




activity; a larger variety of eutectic RPNs using other primary amines would be needed to shed 
more light on this. Nevertheless, it can be concluded that: i) RPN-POM ILs with low melting 
points can be synthesized using eutectic RPNs that have been synthesized using a combinatorial 
approach and ii) the results produced in this study provided preliminary results which proved 
that these eutectic RPN-POMs can be used as solvent-catalysts. However, more work is 
required to understand the effect of the RPN substituents on the catalytic activity of these 
compounds.     
Mechanisms for all three systems have been proposed and are outlined in Schemes 6.1-6.3. 
 
Scheme 6.1. Proposed mechanism for System One - biphasic oxidations with H2O2 in organic 





Scheme 6.2. Proposed mechanism for System Two: multiphase oxidations with H2O2 catalysed 
by solid POM/RPN-SiO2 in organic solvent/H2O system. 
 
Scheme 6.3. Proposed mechanism for System Three: oxidations with H2O2 catalysed by 





In all three mechanisms, the first step is the degradation POM in the presence of H2O2 to a 
lacunary peroxo POM species, LM(O-O), which is the active catalyst species in the oxidation 
reactions. The mechanism for System One (Scheme 6.1) is identical to that of the Venturello-
Ishii system, the only difference is instead of a quaternary ammonium cation this system uses 
an RPN cation as a phase-transfer catalyst moiety. In this system, the active peroxo catalyst 
species complexed with RPN (denoted here as RPN[LM(O-O)]) operates in the organic layer 
and is regenerated at the interface in the catalytic cycle. The mechanism for System Two 
(Scheme 6.2) is very similar to that of scheme one, only the active peroxo catalyst species 
supported on RPN-SiO2, Q[LM(O-O)], are solid and thus heterogenized from both liquid 
phases and, therefore, operate with reactants in both phases in a third phase through a solid-
liquid interface. In the mechanism for the System Three (Scheme 6.3), the eutectic RPN-POM 
catalyst (an ionic liquid) operates as both a reaction solvent and a catalyst with the active 
species regenerated at the interface with aqueous H2O2.  
Each of these systems has its advantages and disadvantages. System One provides high 
conversions and yields, and high H2O2 efficiency in short reaction times (<0.5 h) for olefin 
epoxidation and oxidative desulfurization but requires vacuum distillation to separate the 
product and catalyst at the end of the reaction which increases energy costs. In addition, the 
fact that the system is effective for both oxidative desulfurization and olefin epoxidation could 
mean that if the system were used for oxidative desulfurization of diesel fuels then the quality 
of the fuel could also be compromised by reaction of the alkene components to form epoxides.  
System Two provides automatic product-catalyst separation in both reactions and completely 
removes DBT and DMDBT, and 90% BT in the oxidative desulfurization of heptane model 
fuel in 3 h. With heptane as organic solvent, epoxidation was very poor, providing 25 % 
epoxide yield after 5 h, indicating that the system showed promise for use in oxidative 




with simultaneous desulfurization and epoxidation in heptane/H2O system would be needed to 
confirm this. Nevertheless, epoxide yields and H2O2 efficiencies were much lower, and reaction 
times were much longer for System Two compared to System One. The preparation and 
characterization of the RPN-SiO2 supports for System Two was also much more difficult than 
for System One.  
System Three was only investigated for epoxidation of olefins due to time constraints on the 
project. The best catalysts in this system gave average epoxide yields of ca. 95% and ≥ 98% 
selectivity in 4 h, which is better that the results from using System Two but worse than results 
from using System One, though, it must be noted that System Three used 1:1.1 molar ratio 
[H2O2]/[olefin] whereas Systems One and System Two required 1:9.7 molar ratio to avoid 
over-oxidizing the epoxide product. Catalyst-product separation in System Three was easier 
than System One, which was done using solvent extraction at room temperature, although, 
catalyst separation was automatic in System Two. The main drawback of the eutectic RPN-
POM catalysts used in System Three is that they are viscous fluids and so are much more 
difficult to handle compared to RPN-POM catalysts used in System One and POM/RPN-SiO2 
used in System Two which are both powders.    
Future work could include expanding the range of different RPNs and POMs used in each of 
the different systems to discover if there are more effective combinations than those used in 
this study. A range of different supports could be investigated for immobilizing RPN and POMs 
for use as heterogeneous catalysts such as alumina or activated carbon; indeed, we have 
ongoing work within the group which is investigating the oxidation of model diesel fuels with 
H2O2 using supported RPN-POMs on activated carbon. Copolymerized phosphazene rings 





Catalyst leaching could be tested for in both olefin epoxidation and oxidative desulfurization 
reactions using System Two by reusing the organic layer with fresh H2O2 in the absence of 
solid catalyst. If the reaction proceeds then this would be evidence that catalytically active 
species had leached from the POM/RPN-SiO2 catalyst and operate homogeneously in reactions 
using System Two. Additionally, ICP could also be used to detect Mo or W from POM species 
in the organic layer after a reaction, which could also indicate catalyst leaching. 
It would also be worth investigating desulfurization of actual diesel fuel with the catalyst 
systems in this study as a true test of their effectiveness for industrial application. Additionally, 
a greater range of oxidation reactions with hydrogen peroxide could also be investigated for 
these systems to improve their range of potential applications.  
With many nations recently committing to the banning diesel and petroleum fueled vehicles 
over the next 30 years, to maintain the relevance of these systems it would also be useful to 
test their effectiveness in the oxidative desulfurization of biofuels.  
As mentioned above, handling of the eutectic RPN-POM catalysts was difficult due to them 
being viscous fluids at room temperature. Freezing them to form glasses with liquid nitrogen 
could be one method to improve handling. Another method could be to add a hexa-mono-
substituted RPN, such as BzPN, as an additional H-bond donor to the eutectic RPN-POM to 
provide more order in the structure and possibly create low melting waxes (Tm below the 
reaction temperature) and improve handling of the solvent-catalyst.  It would also be interesting 
to test the effectiveness of the eutectic RPN-POM system for oxidative desulfurization of diesel 
fuels with H2O2. Ideally, a eutectic RPN-POM could be developed as an emulsion catalyst to 
provide self-separation of catalysts, reactants and products by the system once the reaction has 




It would also be useful to simultaneously conduct olefin epoxidation and desulfurization 
reactions with a wide variety of thiophenes and olefins in a model fuel with each of the systems. 
If oxidative desulfurization is much more favorable and practically none of the olefins reacted 
it would then mean that the system could carry out oxidative desulfurization without impacting 
on the quality of the fuel. For System Two, epoxidation of cyclooctene in heptane/H2O2 with 
PMo/BzPN-SiO2 was poor, whereas desulfurization with DBT, BT and DMDBT was efficient, 
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